Theoretical and Experimental Study of Fuel Injector Tip Wetting as a Source of Particulate Emissions in Gasoline Direct-Injection Engines by Alzahrani, Fahad
Theoretical and Experimental Study of Fuel Injector Tip Wetting as a Source of Particulate 




Fahad M. Alzahrani 
A dissertation submitted in partial fulfillment 
 of the requirements for the degree of  
Doctor of Philosophy  
(Mechanical Engineering) 




Professor Volker Sick, Chair  
Professor Andre Boehman  
Dr. Mohammad Fatouraie, Robert Bosch LLC  







































First and foremost, I would like to thank my parents, wife, and siblings for their 
unconditional love and support. Uniquely, the tremendous moral support from my mother kept me 
going, fueled me and pushed me beyond my limits. My accomplishments could not have happened 
without her encouragement and prayers she sent, and still sending to me and I am very grateful for 
her. 
I would like to specially thank my academic advisor, Professor Volker Sick, for his 
incredible support, guidance and mentorship. I am deeply grateful and appreciative for the faith 
and trust he placed in me to perform my research work at the R&D facility of Robert Bosch LLC. 
Before joining his research group, I mentioned to him that I had an interest to conduct applied 
research that has a direct impact on the industry. After joining his group, he presented me with the 
opportunity to work in the industry for my Ph.D. I am very thankful for him and for keeping my 
interest in his mind. 
I also would like to thank my supervisors and mentors during my time at Bosch. First, I 
would like to thank my supervisor and committee member, Dr. Mohammad Fatouraie, for his 
remarkable guidance and mentorship. I learned a lot from him especially on how to critically 
analyze research directions. His managerial support to conduct my experiments was also 
invaluable to complete my dissertation work. I am also thankful for the deep and motivating 
discussions we had, as it pushed my limits and polished my research work. Without it, this work 
could not have been possible. Secondly, I would like to thank Dr. Kevin Peterson and Dr. Michael 
 iv 
Mosburger for their mentorship and guidance during my first year at Bosch. They were great 
mentors and I learned a lot from them, and I am grateful for their assistance and guidance. 
I also would like to thank my other committee members, Professor Andre Boehman and 
Professor Venkatramanan Raman, for their time and effort to serve on my committee. Their 
invaluable feedback and recommendations made this dissertation work complete. 
I also would like to thank all technicians and engineers at Bosch who provided me with 
technical support to successfully complete my experimental work. Special thanks to Test Engineer 
Robert Arden and Senior Technician Michael Vlasblom for their assistance. The experimental 
work could not have been completed without their unique support. I also would like to thank 
members of the Quality Lab at Bosch for allowing me to use the 3D digital microscope for my tip 
imaging experiments. I am very appreciative of their flexibility to share their time with me to 
conduct my experiments. At times, they had to postpone their work to allow me to finish the 
experiments I needed to finish and I am very thankful for that. 
I am also very thankful to all other friends and colleagues in Bosch and the University of 
Michigan for their helpful technical and non-technical discussions. Specially, I would like to thank 
my good friends Mohammad Alzuabi, Mario Medina, Dr. Ripudaman Singh, Nandan Vora and 
Shraavan Ravindranath for their helpful discussions and input on my work. Their deep insights 
and critiques were very helpful at many times. Special thanks to Steve Wozniak for his great 
company during my time at the Quality Lab and for his generosity to share his snacks with me 
every single time. I am thankful for his friendship. 
I also would like to thank my research sponsors, BOSCH Group and the Department of 
Mechanical Engineering in the University of Michigan, for providing financial and technical 
resources for this work. 
 v 
I also would like to express my sincere gratitude to my scholarship sponsor, King Fahd 
University of Petroleum & Minerals, for providing me and my family the necessary financial 









Table of Contents 
 
Dedication ....................................................................................................................................... ii 
Acknowledgements ........................................................................................................................ iii 
List of Tables ................................................................................................................................. ix 
List of Figures ................................................................................................................................. x 
List of Appendices ....................................................................................................................... xix 
List of Acronyms .......................................................................................................................... xx 
List of Symbols ............................................................................................................................ xxi 
Abstract ...................................................................................................................................... xxiii 
Chapter 1 Introduction .................................................................................................................... 1 
1.1 Dissertation Objectives ......................................................................................................... 3 
Chapter 2 Background and Hypothesis........................................................................................... 5 
2.1 Chemistry of Soot Particles Formation ................................................................................. 5 
2.2 Chemistry of Surface Deposit Formation.............................................................................. 7 
2.3 Sources of Soot in GDI Engines ........................................................................................... 9 
2.3.1 Gas Phase ........................................................................................................................ 9 
2.3.2 Liquid Films ................................................................................................................. 10 
2.4 Injector Tip Wetting as a Source of Particulate Formation and Emission .......................... 11 
2.4.1 Physical Mechanisms of Injector Tip Wetting ............................................................. 12 
2.4.2 Physical Mechanisms of Injector Tip Drying ............................................................... 15 
2.4.3 Physical Mechanisms of Deposit Formation on the Injector Tip ................................. 17 
 vii 
2.4.4 Correlations Between Injector Tip Wetting, the Resulting PN, and Deposit Growth on 
the Injector Tip ...................................................................................................................... 20 
2.4.5 Modeling of Injector Tip Wetting, Tip Drying, and Deposit Growth on the Injector Tip
 ............................................................................................................................................... 28 
2.5 Proposed Hypothesis for Liquid Film Evaporation on Fuel Injector Tip ........................... 31 
Chapter 3 Modeling of Liquid Film Evaporation on Fuel Injector Tip: Theoretical Approach ... 34 
3.1 Fundamentals of Large Spherical Drop Evaporation .......................................................... 34 
3.2 Evaporation of a Cylindrical Liquid Film on Injector Tip .................................................. 35 
3.2.1 Assumptions and Boundary Conditions ....................................................................... 37 
3.2.2 Heat Transfer from the Tip to the Liquid Film ............................................................. 38 
3.2.3 Mass Transfer from the Liquid Film to the Gas ........................................................... 39 
3.2.4 Diffusion Coefficient Estimation .................................................................................. 40 
3.2.5 Fuel and Gas Properties ................................................................................................ 41 
3.2.6 Estimation of In-Cylinder Gas Temperature ................................................................ 43 
3.3 Evaporation Time Constant: A Deterministic Factor .......................................................... 44 
3.4 Solution Algorithm .............................................................................................................. 45 
Chapter 4 Quantifying Particulate Formation and Deposition on the Injector Tip: Experimental 
Approach ....................................................................................................................................... 48 
4.1 Particulate Number (PN) Measurement .............................................................................. 49 
4.2 Volume Measurement of Injector Tip Deposit ................................................................... 50 
4.2.1 3D Resolution and Pitch Independence Test ................................................................ 52 
4.2.2 Uncertainty in Volume Measurement ........................................................................... 55 
4.2.3 Volume Estimation of Injector Tip Deposit ................................................................. 57 
4.3 Tip and Fuel Temperatures Measurement ........................................................................... 58 
4.4 Experimental Test Matrix.................................................................................................... 59 
4.5 Test Procedure ..................................................................................................................... 60 
4.5.1 Engine Warmup Procedure ........................................................................................... 61 
4.5.2 Injector Coking Procedure ............................................................................................ 62 
4.5.3 Repeatability ................................................................................................................. 64 
Chapter 5 Results and Discussion ................................................................................................. 65 
5.1 PN and Deposit Volume Correlation .................................................................................. 65 
 viii 
5.2 Model Validation................................................................................................................. 67 
5.2.1 Isobaric Evaporation ..................................................................................................... 67 
5.2.2 Real Engine Conditions ................................................................................................ 70 
5.2.3 Sensitivity Analysis ...................................................................................................... 78 
5.3 Parametric Study ................................................................................................................. 81 
5.3.1 Effect of Initial Film Mass............................................................................................ 82 
5.3.2 Effect of Wetted Surface Area ...................................................................................... 83 
5.3.3 Effect of Tip Temperature ............................................................................................ 84 
5.3.4 Effect of Initial Film Temperature................................................................................ 85 
5.3.5 Effect of Drying Time .................................................................................................. 87 
5.4 Relating Engine Operation and Calibration Parameters to the Evaporation Time Constant 
for Reduced PN Emission ......................................................................................................... 88 
5.5 Effect of Injector Tip Deposit on PN Emission .................................................................. 91 
Chapter 6 Conclusions and Future Outlook .................................................................................. 93 
6.1 Summary ............................................................................................................................. 93 
6.2 Conclusions ......................................................................................................................... 94 
6.3 Future Outlook .................................................................................................................... 95 
Appendices .................................................................................................................................... 97 
Bibliography ............................................................................................................................... 114 
 ix 
List of Tables 
 
Table 2.1: Boundary conditions used in injector tip wetting and drying simulation in [49] ........ 29 
Table 4.1: Step sizes used in the pitch independence test............................................................. 53 
Table 4.2: Percentage difference in volume measurement between each two consecutive step 
sizes ............................................................................................................................................... 55 
Table 4.3: Experimental test matrix used in engine experiments ................................................. 60 
Table 4.4: Operating parameters held constant when varying engine load and speed ................. 60 
Table 5.1: Boundary conditions used in the validation of the evaporation model for isobaric 
conditions ...................................................................................................................................... 67 
Table 5.2: Boundary conditions held constant when varying the system pressure and tip 
temperature ................................................................................................................................... 67 
Table 5.3: Contribution of PN due to tip wetting to the total PN emissions for all conditions 
tested ............................................................................................................................................. 78 
Table 5.4: Variations in assumed parameters used in the sensitivity analysis .............................. 79 
Table 5.5: Initial and boundary conditions varied for the parametric study. The baseline 
conditions is mfilm,i = 0.1%, A = 3 mm
2, Ttip = 150 °C, Tfilm,i = 90 °C, SOI = 290
o bTDC and 2000 
RPM .............................................................................................................................................. 82 
Table A.1: Lennard-Jones potentials determined from viscosity data [66] .................................. 98 
Table A.2: Thermal properties of isooctane used in the analysis. Properties are taken at 90 °C and 
atmospheric pressure. Source: NIST, unless otherwise mentioned .............................................. 99 
 x 
List of Figures 
 
Figure 2.1: Timescale of soot formation chemistry [13] ................................................................ 6 
Figure 2.2: Vehicle exhaust particles collected and imaged using TEM [17] ................................ 7 
Figure 2.3: In situ high-speed imaging via endoscope showing soot luminosity in a GDI engine 
combustion chamber. Injection timing is retarded from left to right image. Piston timing is 90o 
aTDC [21] ..................................................................................................................................... 10 
Figure 2.4: An endoscopic image showing a diffusion flame taking place as a result of fuel 
impingement on the piston’s surface during the fuel injection process [28] ................................ 11 
Figure 2.5: An endoscopic image showing a diffusion flame taking place on the injector tip due 
to the fuel injection process [28] ................................................................................................... 11 
Figure 2.6: Schematics of the (a) general fuel flow leading to injector tip wetting in GDI engines, 
and (b) the basic internal features of GDI injector nozzle design [31] ......................................... 12 
Figure 2.7: A conceptual model for injector tip wetting due to fuel spill over as a result of plumes 
hitting the edge of the pre-hole. Wider plumes leads to increased wetting [31] .......................... 13 
Figure 2.8: A conceptual model for injector tip wetting due to flow recirculation. Some droplets 
escape from the shear layer into the low-pressure zone and are deposited on the injector tip [31]
....................................................................................................................................................... 14 
Figure 2.9: A conceptual model for injector tip wetting due to end of injection event as a result of 
low-momentum, large-size droplets [31] ...................................................................................... 15 
 xi 
Figure 2.10: A conceptual understanding for injector tip drying based on single-phase 
evaporation and forced convection evaporation mechanisms ...................................................... 16 
Figure 2.11: Mechanism of injector deposit formation proposed by Kinoshita et al. [41] ........... 17 
Figure 2.12: Percentage of fuel flow rate loss as a function of nozzle temperature for different 
fuels [20] ....................................................................................................................................... 18 
Figure 2.13: (a) variation of cylinder pressure p as function of crank angle degrees (CAD) during 
the engine cycle (SRM Engine Suite simulation). (b) variation of boiling temperature Tb 
calculated from the Clausius-Clapeyron equation, simulated temperature of the combustion gases 
Tcylinder charge, and average injector tip temperature Ttip during the engine cycle [43] .................... 20 
Figure 2.14: (a) Extreme width of plume causes the fuel to have contact with corners at the 
nozzle exit. This results in fuel film developing on the external surface of the injector tip. (b) 
During spray, high pressure difference results in high momentum flow and small drops. At the 
end of spray, low pressure difference results in low momentum flow and large drops that deposit 
on nozzle [38] ............................................................................................................................... 22 
Figure 2.15: (Top row) Three mechanisms of injector tip wetting leading to diffusion flames on 
the tip. (Bottom row) Presence of liquid fuel on the tip and the resulting soot formation [38] .... 23 
Figure 2.16: Effect of deposit growth on injector tip on soot formation [38] .............................. 23 
Figure 2.17: Injector diffusion flame has the same temporal evolution as soot emissions [27] ... 24 
Figure 2.18: Time evolution of PN emitted by the engine for the four fuels studied for the 
injector fouling cycle. The blue region indicate 30-minute operation with reduced speed, load 
and fuel rail pressure [47] ............................................................................................................. 25 
 xii 
Figure 2.19: Time evolution of PN emitted by the engine for the four fuels studied for the 
injector clean-up cycle. The blue region indicate 30-minute operation with reduced speed, load 
and fuel rail pressure [47] ............................................................................................................. 25 
Figure 2.20: Clean, fouled and cleaned-up injector images for engine running on Fuel A [47] .. 26 
Figure 2.21: Images of injectors used in engine running on detergent Fuel B and C [47] ........... 26 
Figure 2.22: Effect of fuel rail pressure and charge motion on PN emissions [48] ...................... 27 
Figure 2.23: Endoscopic images of diffusion flames at injector tip surface because of injector tip 
wetting for three different injection pressures [48] ....................................................................... 28 
Figure 2.24: Change of fuel film mass (relative) from end of injection to ignition for boundary 
conditions in Table 2.1 [49] .......................................................................................................... 30 
Figure 2.25: Deposit formation model proposed and developed by Slavchov et al. [43]............. 31 
Figure 2.26: Percentage of fuel flow rate loss as a function of time starting with clean injectors 
[50] ................................................................................................................................................ 31 
Figure 3.1: Assumed geometry of the liquid fuel film on the injector tip .................................... 35 
Figure 3.2: Physics of liquid film evaporation from injector tip. pv,L > pv,G results in evaporation, 
whereas pv,L < pv,G results in condensation ................................................................................... 37 
Figure 3.3: Conduction heat transfer (1-D) from the injector tip to the liquid fuel film .............. 38 
Figure 3.4: Discretized time domain used in the solution algorithm ............................................ 45 
Figure 4.1: Schematic diagram showing the experimental setup used to conduct engine 
experiments ................................................................................................................................... 48 
Figure 4.2: VHX-2000 digital microscope and its components ................................................... 50 
Figure 4.3: 3D coordinates of the injector tip position and the rectangular prism used to enclose a 
desired 3D region for volume measurement ................................................................................. 51 
 xiii 
Figure 4.4: Direction of camera scanning process through the different frames in the XY plane. 
For each frame, the camera scans the 3D space from bottom boundary to top boundary ............ 52 
Figure 4.5: Region in a coked injector used in the volume independence test ............................. 53 
Figure 4.6: Quality of the 3D images of the injector region imaged for the different step sizes .. 54 
Figure 4.7: Fixed volume used to identify the uncertainty in the automatic 3D image stitching . 56 
Figure 4.8: An example of 3D imaging of clean (left) and coked (right) injector tips ................. 57 
Figure 4.9: Instrumented GDI injector for tip and fuel temperatures measurement. The injector 
was installed in cylinder 1 for all engine experiments .................................................................. 58 
Figure 4.10: Locations of the tip and fuel temperature sensors in the instrumented GDI injector 
tip .................................................................................................................................................. 59 
Figure 4.11: Timeline of engine test procedure ............................................................................ 61 
Figure 4.12: A sample plot of PN as a function of engine-out coolant temperature during engine 
warmup. Data for 4 bar BMEP and 1000 RPM at time 0 hrs (clean injector tip) ......................... 62 
Figure 4.13: A sample plot of tip and fuel temperatures as a function of engine-out coolant 
temperature during engine warmup. Data for 4 bar BMEP and 1000 RPM at time 0 hrs (clean 
injector tip) .................................................................................................................................... 62 
Figure 4.14: A sample plot of PN as a function of time during injector coking test. Data for 10 
bar BMEP and 2000 RPM ............................................................................................................ 63 
Figure 4.15: A sample plot of tip and fuel temperatures as a function of time during injector 
coking test. Data for 10 bar BMEP and 2000 RPM ...................................................................... 63 
Figure 5.1: Temporal evolution of PN-Vdeposit correlation. R
2 is shown (a) after 1 hour, (b) after 3 
hours and (c) after 5 hours. R2 is observed to improve with time, indicating good one-to-one 
correlation between injector tip wetting (and deposit level) and engine-out PN .......................... 66 
 xiv 
Figure 5.2: Images of the HDEV5 Bosch injector tip showing (a) dry injector tip, (b) wet injector 
tip with the wetted area shown in black color and (c) difference of wet and dry injector tip 
images with the wetted area shown in white color. The film area shown to covers 40 – 50 % of 
the injector tip area [39] ................................................................................................................ 68 
Figure 5.3: Evaporation curve from the model showing the exponential decay of film mass 
during evaporation as a function of time. Results are for system pressure of 0.8 bar, injector tip 
temperature of 80 °C, and 42 % film area .................................................................................... 68 
Figure 5.4: Comparison of evaporation times from experiments by Karwa et al versus the 
evaporation model at (a) 0.8 bar system pressure and (b) 1.0 bar system pressure for different 
injector tip temperatures. Good agreement is observed between experiments and predictions. 
Deviation above 110 °C is owed to the contribution of the boiling regime to evaporation, which 
is not included in the current model .............................................................................................. 70 
Figure 5.5: Evaporation curve showing film mass on injector tip (calculated from Eq. 3.11) as a 
function of time (shown as CAD) during an engine cycle. Pressures of vapor in liquid as well as 
in gas are also plotted. Results are for 10 bar BMEP and 2000 RPM .......................................... 71 
Figure 5.6: Rate of film mass change (calculated from Eq. 3.3) as a function of time (shown as 
CAD) during an engine cycle. Pressures of vapor in liquid as well as in gas are also plotted. 
Results are for 10 bar BMEP and 2000 RPM ............................................................................... 72 
Figure 5.7: Calculated time constant of film on injector tip as a function of time (shown as CAD) 
during an engine cycle. Due to non-stationary conditions, time constant is observed to change 
with time from end of injection to spark time. Pressures of vapor in liquid as well as in gas are 
also plotted. Results are for 10 bar BMEP and 2000 RPM .......................................................... 73 
 xv 
Figure 5.8: Line plots showing PN and predicted film mass at spark time as a function of injected 
fuel mass (i.e. engine load) for (a) 1000 RPM, (b) 2000 RPM and (c) 3000 RPM. Error bars for 
the model represents the variation in model output due to the uncertainty in the measured tip and 
fuel temperatures ........................................................................................................................... 74 
Figure 5.9: Line plots showing PN and calculated average time constant as a function of injected 
fuel mass (i.e. engine load) for (a) 1000 RPM, (b) 2000 RPM and (c) 3000 RPM. Error bars for 
the model represents the variation in model output due to the uncertainty in the measured tip and 
fuel temperatures ........................................................................................................................... 76 
Figure 5.10: Quantitative correlation between measured PN and predicted film mass at spark 
time. Error bars for the model represents the variation in model output due to the uncertainty in 
the measured tip and fuel temperatures ........................................................................................ 77 
Figure 5.11: Quantitative correlation between measured deposit volume and predicted film mass 
at spark time. Error bars for the model represents the variation in model output due to the 
uncertainty in the measured tip and fuel temperatures ................................................................. 77 
Figure 5.12: Sensitivity analysis results showing R2 as a function of initial film mass. Results are 
for correlations between (a) measured PN and predicted film mass, and (b) measured deposit 
volume and predicted film mass. R2 is observed to be sensitive to the initial film mass ............. 80 
Figure 5.13: Sensitivity analysis results showing R2 as a function of wetted surface area. Results 
are for correlations between (a) measured PN and predicted film mass, and (b) measured deposit 
volume and predicted film mass. R2 is observed to be less sensitive to the wetted area than the 
initial film mass............................................................................................................................. 81 
 xvi 
Figure 5.14: Effect of initial film mass after injection on (a) the predicted film mass at the time 
of spark and (b) the average time constant for the period: end of injection to spark. A = 3 mm2, 
Ttip = 150 °C, Tfilm,i = 90 °C, SOI = 290
o bTDC and N = 2000 RPM ........................................... 83 
Figure 5.15: Effect of wetted surface area on (a) the predicted film mass at the time of spark and 
(b) the average time constant for the period: end of injection to spark. mfilm,i = 0.1% of injected 
fuel mass at 10 bar BMEP, Ttip = 150 °C, Tfilm,i = 90 °C, SOI = 290
o bTDC and N = 2000 RPM 84 
Figure 5.16: Effect of injector tip temperature on (a) the predicted film mass at the time of spark 
and (b) the average time constant for the period: end of injection to spark. mfilm,i = 0.1% of 
injected fuel mass at 10 bar BMEP, A = 3 mm2, Tfilm,i = 90 °C, SOI = 290
o bTDC and N = 2000 
RPM .............................................................................................................................................. 85 
Figure 5.17: Effect of initial film temperature on (a) the predicted film mass at the time of spark 
and (b) the average time constant for the period: end of injection to spark. mfilm,i = 0.1% of 
injected fuel mass at 10 bar BMEP, A = 3 mm2, Ttip = 150 °C, SOI = 290
o bTDC and N = 2000 
RPM .............................................................................................................................................. 86 
Figure 5.18: Effect of drying time (affected by engine speed and SOI) on (a) the predicted film 
mass at the time of spark and (b) the average time constant for the period: end of injection to 
spark. mfilm,i = 0.1% of injected fuel mass at 10 bar BMEP, A = 3 mm
2, Ttip = 150 °C, and Tfilm,i = 
90 °C. Lower engine speeds and early injections lead to longer drying times ............................. 88 
Figure 5.19: Calculated diffusion coefficient as a function of time (shown as CAD aTDC) during 
an engine cycle. Pressures of vapor in liquid as well as in gas are also plotted. Results for 10 bar 
BMEP and 2000 RPM .................................................................................................................. 90 
Figure 5.20: Measured stabilized PN at the end of the warmup procedure as a function of deposit 
level at 4 bar BMEP and 1000 RPM operating point ................................................................... 91 
 xvii 
Figure 5.21: Macroscopic morphology of injector tip deposit at different engine speeds and 
steady state coking times at 10 bar BMEP. Images are for injector installed in cylinder 1 
(cylinder farthest from the flywheel) ............................................................................................ 92 
Figure C.1: Repeatability of PN measurement for the warmup procedure at time 0 hrs. Results 
for 4 bar BMEP and 1000 RPM .................................................................................................. 104 
Figure C.2: Repeatability of tip and fuel temperatures measurement for the warmup procedure at 
time 0 hrs. Results for 4 bar BMEP and 1000 RPM ................................................................... 105 
Figure C.3: Repeatability of PN measurement for the coking procedure. Results for 10 bar 
BMEP and 2000 RPM ................................................................................................................ 105 
Figure C.4: Repeatability of tip and fuel temperatures measurement for the coking procedure. 
Results for 10 bar BMEP and 2000 RPM ................................................................................... 106 
Figure D.1: Change of film mass during an engine cycle for 1000 RPM and (a) 6 bar and (b) 10 
bar BMEP.................................................................................................................................... 107 
Figure D.2: Change of film mass during an engine cycle for 2000 RPM and (a) 6 bar, (b) 10 bar 
and (c) 14 bar BMEP .................................................................................................................. 108 
Figure D.3: Change of film mass during an engine cycle for 3000 RPM and (a) 6 bar, (b) 10 bar 
and (c) 14 bar BMEP .................................................................................................................. 109 
Figure D.4: Calculated time constant during an engine cycle for 1000 RPM and (a) 6 bar and (b) 
10 bar BMEP............................................................................................................................... 110 
Figure D.5: Calculated time constant during an engine cycle for 2000 RPM and (a) 6 bar, (b) 10 
bar and (c) 14 bar BMEP ............................................................................................................ 111 
Figure D.6: Calculated time constant during an engine cycle for 3000 RPM and (a) 6 bar, (b) 10 
bar and (c) 14 bar BMEP ............................................................................................................ 112 
 xviii 
Figure E.1: Comparison of predicted film mass using the gas temperature profile for a single 
operating point (10 bar BMEP and 2000 RPM) versus the average gas temperature profile for all 
operating ponits ........................................................................................................................... 113 
 
 xix 
List of Appendices 
 
Appendix A Fuel and Gas Properties ............................................................................................ 98 
A.1 Lennard-Jones Potentials .................................................................................................... 98 
A.2 Thermal Properties of Isooctane ......................................................................................... 98 
Appendix B MATLAB Code ...................................................................................................... 100 
Appendix C Repeatability Analysis ............................................................................................ 104 
C.1 Repeatability of Warmup Test .......................................................................................... 104 
C.2 Repeatability of Coking Test ............................................................................................ 105 
Appendix D Evaporation Curves ................................................................................................ 107 
Appendix E Sensitivity of Gas Temperature .............................................................................. 113 
 
 




List of Acronyms 
 
 
aTDC  after top dead center 
bTDC  before top dead center 
BMEP  brake mean effective pressure    
CAD  crank angle degree       
EOI  end of injection       
GDI  gasoline direct injection 
HC  hydrocarbon 
ICE  internal combustion engine 
PAH  polycyclic aromatic hydrocarbon 
PM  particulate mass 
PN  particulate number 
RPM  revolutions per minute 





List of Symbols 
 
 
𝐴𝑠  Surface area       [m
2] 
𝐴, 𝐵, 𝐶  Antoine parameters      [-] 
𝑐𝑝  Specific heat capacity      [J/kg-K] 
𝐷  Diffusion coefficient      [m2/s] 
𝑘  Thermal conductivity      [W/m-K] 
𝐿  Axial distance from tip surface for film geometry  [m] 
𝐿𝑠  Film thickness       [m] 
𝑚  Mass        [kg] 
𝑚𝑖, 𝑚
∗  Initial film mass      [kg] 
?̅?  Molecular weight      [kg/mol] 
𝑝  Pressure       [Pa] 
𝑝𝑣,𝐿  Liquid vapor pressure      [Pa] 
𝑝𝑣,𝐺   Vapor pressure in gas      [Pa] 
𝑝𝑐  Critical pressure      [bar] 
𝑟  Radial distance from center of spherical drop  [m] 
𝑅  Universal gas constant     [J/mol-K] 
𝑡  Time        [s] 
𝑇  Temperature       [K] 
𝑇𝑐  Critical temperature      [K] 
 xxii 
𝑇𝑤  Tip temperature      [K] 
𝑇𝐿  Liquid film temperature     [K] 
𝑇𝐿,0  Initial film temperature     [K] 
𝑉  Volume of liquid film      [m3] 
𝑉𝑣  Volume of vapor      [m
3] 
𝑣𝑐  Critical molar volume      [m
3] 
𝑧𝑐  Compressibility factor     [-] 
𝜌  Density       [kg/m3] 
𝜌𝑣,𝐿  Liquid vapor density      [kg/m
3] 
𝜌𝑣,𝐺  Vapor density in gas      [kg/m
3] 
𝜎  Characteristic Lennard-Jones length    [Å] 
𝜀  Characteristic Lennard-Jones energy    [J] 
Ω𝐷  Diffusion collision integral     [-] 









Gasoline fuel film deposited on the tip of a fuel injector, i.e. injector tip wetting, has been 
identified as a significant source of particulate emissions at some operating conditions of gasoline 
direct-injection (GDI) engines. Fuel films on the injector tip at the time of spark burn in a diffusion 
flame, producing particulates. The physical mechanisms of the fuel film formation remains largely 
unclear as they depend on many parameters including engine hardware and operating conditions. 
Understanding the effect of these physical parameters on the film formation process can lead to 
better mitigation of the liquid film, which can result in significant reductions in particulate 
emissions. The liquid film on the injector tip can be reduced by either mitigating the initial fuel 
film that deposits on the tip during injection or by evaporating all or most of the fuel film before 
ignition takes place. The former process requires a clear understanding of the dependence of the 
fuel film formation on injector design, operating conditions and fuel flow conditions through the 
injector nozzle, which impose difficulties in the understanding due to the complex and interrelated 
processes involved. The liquid film evaporation process, i.e. injector tip drying, however depends 
mainly on engine operating conditions, and less on hardware or fuel flow dynamics. Understanding 
of the physics of injector tip drying is therefore less ambiguous but remains a challenge. Clear 
understanding of the tip drying physics can lead to significant reductions in PN emissions due to 
tip wetting. 
This work developed an analytical model for liquid film evaporation on injector tip during 
an engine cycle for the mitigation of injector tip wetting. The model explains theoretically how 
fuel films on injector tip evaporate with time from end of injection to spark. The model takes into 
 xxiv 
consideration engine operating conditions, such as engine speed, engine load, tip and fuel 
temperatures, gas temperature and pressure, and fuel properties. The model was able to explain for 
the first time the observed trends in particulate number (PN) emissions due to injector tip wetting 
at different operating conditions. Engine experiments were used to validate the theoretical model 
by correlating the film mass predicted at the time of spark to PN and tip deposit volume 
measurements at different conditions. A new experimental technique was developed to measure 
the volume of tip deposit for this purpose since tip deposits are good indicators of tip wetting. In 
addition, an evaporation time constant was defined and was also found to correlate well with 
measured PN for all conditions tested. Injector manufacturers can use this time constant to 
maximize liquid film evaporation by correlating the variables in the time constant equation to 
changes in hardware and calibration. 
The results indicate that the liquid film evaporation on the injector tip follows a first order, 
asymptotic behavior. Additionally, the initial film mass after end of injection was confirmed to 
increase linearly with injected fuel mass, i.e. engine load. Furthermore, the observed increasing 
exponential trend in PN emissions with engine load was due to the exponential nature of injector 
tip drying. As the initial film mass after injection increased linearly with engine load, the film mass 
at the time of spark increased in an exponential manner. A parametric study was also performed 
to understand the influence of the different initial and boundary conditions on fuel film 
evaporation. The liquid film evaporation on the injector tip was found to be highly sensitive to 
most of the injector initial and boundary conditions including the initial film mass after end of 
injection, the wetted surface area, the available time for tip drying and the injector tip temperature. 
The initial film temperature had the least effect on film mass evaporation.  
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Chapter 1 Introduction 
 
To reduce further the contribution of internal combustion engines (ICEs) to environmental 
pollution, the emission limits for ICEs are continuously reduced. This requires the automotive 
industry to use advanced combustion strategies, modify existing hardware and/or exert larger 
efforts in engine calibration in order to meet these limits. In the context of direct-injection ICEs, 
such as diesel engines and gasoline direct-injection (GDI) engines, one of the main pollutants of 
interest is the particulate matter, primarily consisting of soot particles. There has been extensive 
work investigating soot formation in diesel engines [1–5]. Therefore, there is a well-established 
conceptual model for soot formation in this kind of engine [2]. With strongly reduced particles on 
diesel side using the diesel particulate filter (DPF), the discussion about further reducing particles 
for GDI and turbocharged GDI engines has also recently gained speed [6]. 
Particulate emissions regulations for GDI engines, which include particulate mass (PM) 
limits, are trending towards particulate number (PN) criteria. For example, in 2014 PN standards 
were introduced in Europe for GDI engines with a limit of 6 × 1012 particles/km, which was 
reduced by an order of magnitude in 2017 to the current limit of 6 × 1011 particles/km [7], and 
the same limit must be met in China by 2020 [8]. While the total PM limits for GDI engines has 
been investigated fairly well in the past decade and most likely the future limits can be met [9,10], 
the limits for PN were recently introduced and are more challenging to meet. Identifying and 
mitigating the sources of PN emissions for GDI engines is therefore critical to meet future 
emissions targets. 
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In GDI engines, the formation mechanisms of majority of engine-out PN are related, 
directly or indirectly, to the fuel injection process. Direct fuel injection into the combustion 
chamber may lead to the wetting of combustion chamber walls including piston crown, cylinder 
liner, intake and exhaust valves, spark plug, cylinder head and/or fuel injector tip. The fuel films 
formed on these surfaces, if not managed and/or mitigated, can lead to diffusion flames that result 
in significant amounts of PN emissions. Nowadays, most of surface wetting can be avoided using 
different design criteria and operating strategies. On the other hand, wetting of the fuel injector tip 
has been difficult to avoid completely despite the substantial reduction that has been achieved in 
the past. 
PN due to tip wetting is a function of how much fuel wets the tip at the end of the injection 
process and how much fuel evaporates from the tip before the time of spark, i.e. tip drying. 
Furthermore, when the fuel film that is formed on the external surface of the injector tip does not 
fully vaporize before ignition, high temperature pyrolysis during combustion and exhaust strokes 
leads to carbon deposit formation on the injector tip. These deposits alter further tip wetting, 
amplifying its effect and increasing engine-out soot, a phenomenon known as PN drift. Since the 
measurement of the fuel film mass and/or thickness on the injector tip involves a lot of 
experimental uncertainty [11], most of the studies conducted on the tip wetting problem often 
relate the fuel film and the resulting diffusion flame to the deposit forming on the injector tip. It 
should be noted that for these studies the operating conditions were selected carefully to isolate 
the injector wetting as the main source for soot formation. However, most relations observed 
between PN emissions and injector deposit are qualitative, and no quantitative correlations were 
observed. In addition, current models used to predict tip wetting are computationally expensive 
CFD simulations that involve the solution of mass, momentum and energy equations along with 
complex spray and evaporation models. 
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1.1 Dissertation Objectives 
The general objective of this dissertation is to understand the links between injector tip 
wetting, the resulting PN emissions, and the corresponding deposit growth on the tip. Specifically,  
 It is desired to understand how the fuel film on the injector tip evaporates and affects the 
engine-out PN emissions. Understanding of the physics of fuel film evaporation from the 
injector tip is essential to enable reduction or elimination of PN formation and emission 
due to injector tip wetting. A hypothesis that explains the physics is proposed and 
formulated using a theoretical model, which is validated with experiments. 
 Once the physics of fuel film evaporation is understood based on the theoretical model, the 
effect of injector initial and boundary conditions on liquid film evaporation on fuel injector 
tip is investigated and the most influential parameters in mitigating injector tip wetting are 
highlighted. 
 It is desired to quantify and measure the amounts of injector deposit formed as a result of 
injector tip wetting and then explore the quantitative relationship between PN emissions 
and injector deposit at different operating conditions. A new method is proposed and used 
to quantify the amount of injector deposit based on three-dimensional digital microscopy. 
The remainder of this dissertation is organized as follows. In Chapter 2, a literature review 
on soot particles and surface deposit formation chemistries is given first, followed by reviewing 
the current knowledge of the mechanisms of tip wetting, tip drying and injector deposit formation 
in GDI engines. The chapter concludes with the proposed hypothesis for liquid film evaporation 
on the fuel injector tip. Chapter 3 presents the development of the theoretical model and the 
solution algorithm used in the calculations. The experimental methodologies used to quantify PN 
emissions and deposit formation on the injector tip are illustrated in Chapter 4. The test matrix and 
test procedure used to validate the theoretical model is presented at the end of Chapter 4. Chapter 
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5 shows the results of model validation, the parametric study as well as the quantitative nature of 
increased PN emissions due to injector deposit formation. The conclusions and recommendations 




Chapter 2 Background and Hypothesis 
 
In this chapter, a brief background on soot particles and surface deposit formation 
chemistries is given first, followed by generally reviewing the known sources of soot in GDI 
engines. More focus is given to injector tip wetting as a source of soot particles formation and 
emission, with analysis of the research gaps in the understanding of soot formation mechanisms in 
relation to injector tip wetting, tip drying and the corresponding deposit growth on the injector tip. 
The chapter concludes with the proposed hypothesis for fuel film evaporation on the injector tip 
during an engine cycle. 
2.1 Chemistry of Soot Particles Formation 
Soot is a solid material that contains very high content of carbon with typical H/C ratio of 
about 0.1 compared to 1.84 for gasoline [12]. In general, soot is formed as a result of incomplete 
fuel-rich combustion of hydrocarbons (HCs). The incomplete fuel-rich combustion zones can form 
during for example fuel-air mixing, crevice volumes, and liquid fuel films. Lighty et al. [13] 
summarized the soot formation process in time during an incomplete combustion process in the 
diagram shown in Figure 2.1, which the authors adapted based on the work of Bockhorn [14]. The 
most accepted starting chemical pathway for soot formation begins with ethylene (C2H4), which 
is an intermediate usually formed in large amounts during the combustion process of hydrocarbon 




Figure 2.1: Timescale of soot formation chemistry [13] 
During combustion, if oxygen (O), hydroxide (OH) or hydrogen (H) are available, ethylene 
will oxidize to form carbon monoxide (CO). However, if oxygen is unavailable and the 
temperature is high, decomposition of ethylene will most likely proceed by dehydrogenation. 
𝐻2𝐶 = 𝐶𝐻2  ⟶ 𝐻2𝐶 = ?̇?𝐻 + ?̇? 
A second dehydrogenation proceeds to form acetylene (C2H2), which is a precursor in soot 
formation. 
𝐻2𝐶 = ?̇?𝐻 ⟶ 𝐻𝐶 ≡ 𝐶𝐻 + ?̇? 
Ethynyl radical formation proceeds after that by another dehydrogenation. 
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𝐻𝐶 ≡ 𝐶𝐻 ⟶ ?̇? + ?̇? 
With acetylene and ethynyl radicals as precursor molecules, polycyclic aromatic 
hydrocarbons (PAHs) and other cyclic compounds can form, and the process of soot formation 
continues, as shown in Figure 2.1. In general, the process from PAH to soot formation is a multi-
step process [17] that starts with nucleation or inception of nuclei particles (average diameter of 
1.5 nm) from heavy PAHs. The small particles then grow into large or primary soot particles by 
surface growth through gas-phase species condensation such as acetylene and PAH molecules 
and/or by coalescence or coagulation, which is the formation of primary particles from two or 
more small particles. 
Soot generated from combustion often consists of clusters, also called agglomerates, of the 
large or primary particles, attaching together and forming groups (Figure 2.2) [18]. The size of 
primary particles ranges from around 10 to 40 nm, and the size range for the agglomerates is from 
100 to 1000 nm. Most of the soot particles from combustion engines are of size less than 100 nm, 
which poses concerns regarding the negative impact they could have on human health [19]. 
 
Figure 2.2: Vehicle exhaust particles collected and imaged using TEM [18] 
2.2 Chemistry of Surface Deposit Formation 
A liquid fuel film setting on a hot surface goes through certain chemical reactions that 
eventually convert it into a carbon deposit. Altin et al. [20] concluded that liquid oxidation 
reactions of alkyl radicals, which normally generate hydro-peroxides besides other oxidized 
products, are the ones responsible for the formation of deposits. Specifically, above 350 °C 
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formation of carbon deposits take place via two distinct chemical pathways: (1) elemental carbon 
and hydrogen formation by decomposition of HCs. This chemical route is often followed by metal 
catalysis of carbon deposition. (2) The second pathway is the large PAHs generation by 
polymerization and condensation of HCs species. The PAHs then nucleate and grow into carbon 
deposits. Usually, non-catalytic carbon deposition takes place through the polymerization route. 
Furthermore, the catalytic property of the surface at which deposits form on i.e. catalytic surface 
vs. non-catalytic surface, can influence the process of carbon deposition [20]. A catalytic surface 
can accelerate or decelerate the deposition process by the interaction with reactive species in the 
liquid. A non-catalytic surface on the other hand can act as a heat sink affecting the combustion 
system’s heat and mass transfer, collecting more carbon deposits. One example for this is 
thermophoresis, where particles transfer from the hot fluid to the cold surface due to high 
temperature gradients. It is worth mentioning that the influence of a catalytic surface on the 
deposition process could reduce as particles build up on the surface since the layer of deposit act 
as an insulator, eliminating the contact between the surface and the liquid fuel. This infers that 
carbon deposition by non-catalytic reaction pathway is important for both catalytic and non-
catalytic surfaces. 
In the context of injector deposit formation, Xu et al. [21] indicated that precursors of 
injector deposits are formed through oxidation, condensation and precipitation of unstable HCs 
e.g. aromatics and olefins. These precursors form deposits through two different chemical reaction 
pathways: (1) auto-oxidation at low temperatures, and (2) coking or carbon deposition by high 
temperature pyrolysis. However, it is not clear what temperatures indicate the transition from one 
pathway to the other i.e. low to high temperature since both reaction pathways can take place at 
the same time at a specific range of temperature. 
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2.3 Sources of Soot in GDI Engines 
Vehicles equipped with GDI engines can generate particulates by a number of mechanisms, 
which often take place simultaneously during engine and/or vehicle operation. There are 
mechanisms that are independent of the fuel injection process, like for example oil-related 
mechanisms such as oil leakage from the turbocharger or introduction of oil to the crankcase 
ventilation system i.e. PCV. Such mechanisms generally indicate bad engine design or engine 
malfunction [22] and they are not the focus here. On the other hand, the sources of particulates 
that are related to the engine fueling are attributed to the combustion of fuel-rich regions inside the 
combustion chamber. Typically, these regions are formed in either the gas phase because of the 
poor mixing process of fuel and air or due to fuel impingement on chamber walls during spray 
leading to liquid films forming on these surfaces [22–25].  
2.3.1 Gas Phase 
It is generally desired to form a perfect, homogenous mixture of fuel and air, which ideally 
should not generate particulates. However, the direct fuel injection process in GDI engines requires 
all of the injected fuel to vaporize and completely mix with the intake air in a very short period. 
Local zones with over-abundance of fuel can fail to complete that process in a timely manner 
before ignition, resulting in soot formation. Perfect mixing of fuel and air is generally driven by 
fuel injection characteristics, such as drop size, air entrainment during injection and spray 
penetration, as well as the mixing characteristics including the mixing time and turbulence [22]. 
An example of soot luminosity in the gas phase can be seen in Figure 2.3 [22]. The figure shows 
three endoscopic images (taken at ~90o aTDC) of the combustion event inside a GDI engine, which 
is at room temperature. The different images represent various injection timings, where the timing 
is retarded (from left to right) so that there is less time for mixing and drops evaporation. As 
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observed in the figure, higher soot luminosity is observed as the time for mixing and evaporation 
is reduced. 
 
Figure 2.3: In situ high-speed imaging via endoscope showing soot luminosity in a GDI engine 
combustion chamber. Injection timing is retarded from left to right image. Piston timing is 90o aTDC [22] 
2.3.2 Liquid Films 
Because the fuel is directly injected into the combustion chamber of a GDI engine, the 
chamber’s surfaces become susceptible to fuel wetting. Pool fires are created when liquid-phase 
fuel impinges on surfaces, including the piston crown, intake and exhaust valves, and cylinder 
walls [19,20]. If the operating temperature, pressure and gas flow conditions during intake and 
compression strokes are not sufficient to evaporate all of the fuel on these surfaces, diffusion 
flames occur leading to soot formation (Figure 2.4). If the fuel film is not fully vaporized and 
burned and there is fuel film remaining on the surface, high temperature pyrolysis leads to carbon 
deposits on the surface. These deposits can amplify the amount of surface wetting, leading to 
increased soot formation [28]. Fuel films impinging on combustion chamber surfaces in GDI 
engines are the major source for soot formation and emission, and in return managing the liquid 
film is crucial to controlling soot formation in GDI engines.  
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Figure 2.4: An endoscopic image showing a diffusion flame taking place as a result of fuel impingement 
on the piston’s surface during the fuel injection process [29] 
2.4 Injector Tip Wetting as a Source of Particulate Formation and Emission 
Some operating strategies and design criteria can help reduce and sometimes eliminate 
fuel-rich zones due to liquid films in most surfaces, such as late fuel injection or multiple fuel 
injection events [30,31]. However, one surface wetting mechanism that cannot be avoided by 
calibration and is not well understood is injector tip wetting. Injector tip wetting occurs when 
liquid-phase fuel films or droplets remain on the exterior surface of the tip of the fuel injector due 
to the fuel injection event. In a certain engine-operating map, injector tip wetting can be the 
dominant soot formation mechanism. Figure 2.5 shows an endoscopic image of a typical diffusion 
flame resulting from fuel injector tip wetting in a GDI engine [29].  
 
Figure 2.5: An endoscopic image showing a diffusion flame taking place on the injector tip due to the fuel 
injection process [29] 
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2.4.1 Physical Mechanisms of Injector Tip Wetting 
During the fuel injection process, the fuel wets the injector tip surface as the fuel leaves 
the injector nozzle holes. Figure 2.6 shows schematics of the fuel flow leading to tip wetting in a 
GDI injector nozzle and the important features to describe the internal geometry of a GDI injector 
nozzle [32]. 
 
Figure 2.6: Schematics of the (a) general fuel flow leading to injector tip wetting in GDI engines, and (b) 
the basic internal features of GDI injector nozzle design [32] 
The physical mechanisms that lead to injector tip wetting can be grouped into three 
categories [32]. The first is the fuel deposited on the injector nozzle tip during the injection 
process. The second is the fuel deposited on the nozzle tip at the end of injection event via droplets, 
ligaments, and low momentum flow. The third category is the fuel deposited on the nozzle tip from 
the liquid and vapor inside the sac volume of the injector. Two processes have been identified that 
contribute to injector tip wetting during injection. First, as the fuel flows through the nozzle hole 
and into the pre-hole (see Figure 2.6b), the fuel flow path widens. Depending on the geometry, 
flow dynamics, and operating conditions, the fuel flow interacts with the pre-hole wall and some 
of the fuel deposits on the surface of the wall and then flows around the corner and onto the outlet 
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of the orifice. The flow-through deposition process is shown schematically in Figure 2.7. Leick et 
al. [11] investigated tip wetting using laser-induced fluorescence and concluded that one of the 
most important conditions affecting injector tip wetting was flash boiling. Flash boiling is known 
to cause the spray plume to widen and under certain cases cause spray collapse [33,34]. Spray 
collapse has a direct impact on engine performance and emissions because it influences fuel-air 
mixing. Since flash boiling affects plume width, it subsequently affects injector tip wetting. This 
nozzle wetting mechanism was described as wide-plume wetting. As shown in Figure 2.7, wider 
plumes lead to more tip wetting compared with narrower plumes. 
 
Figure 2.7: A conceptual model for injector tip wetting due to fuel spill over as a result of plumes hitting 
the edge of the pre-hole. Wider plumes leads to increased wetting [32] 
The second process that leads to fuel films on the nozzle during fuel injection is caused by 
recirculation of the flow as it exits the orifice. During the injection process, a shear layer is formed 
between the ambient gases in the combustion chamber and the injected fuel. The shear layer is 
formed by a complex mixing process that is responsible for air-entrainment and mixing of the 
liquid and vapor phases of fuel with air. As part of the fluid mixing, vortices of fuel droplets and 
vapor are formed. The vortices re-entrain some of the fuel and air mixture back into the bulk flow, 
but some of the mixture escapes from the bulk flow. Fluid that escapes the vortices in the form of 
fuel droplets can be deposited on the injector tip due to the low-pressure zones formed near the 
nozzle exit. Droplets can deposit and stay on the injector tip due to the coandā effect, i.e. the 
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tendency for fluid to stay attached to a convex surface due to low pressure. A schematic of this 
vortex-droplet wetting process is shown in Figure 2.8. 
 
Figure 2.8: A conceptual model for injector tip wetting due to flow recirculation. Some droplets escape 
from the shear layer into the low-pressure zone and are deposited on the injector tip [32] 
Injector tip wetting also occurs at the end of the injection event. During needle closing, the 
fuel flow rate decreases, which leads to lower flow velocities and lower momentum flow. The low 
flow rate results in ‘fuel dribble’ i.e. ligaments and large droplets formed at the end of injection 
[35–37]. Previous work on diesel injectors has focused mostly on identifying the end-of-injection 
needle effects on bubble ingestion inside the nozzle and total mass ejected from fuel dribble. Eagle 
and Musculus [38] provide a comprehensive categorization of dribble events for diesel fuel and 
heavy duty fuel injectors. They identified three dribble behaviors that occurred during one engine 
cycle as well as proposed five potential physical processes that contributed to diesel fuel dribble. 
It should be highlighted that these mechanisms describe old diesel injectors, which differ 
significantly from GDI injectors in terms of sack volume. This mechanism of tip wetting has also 
been recorded and reported by Peterson et al. [39] for gasoline in GDI engines. However, no 
studies to date have investigated connections between fuel dribble and injector tip wetting. Some 
large droplets and ligaments are likely to deposit onto the injector tip, because the liquid parcels 
do not have enough momentum to separate from the nozzle. A schematic of fuel-dribble tip wetting 
is shown in Figure 2.9. 
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Figure 2.9: A conceptual model for injector tip wetting due to end of injection event as a result of low-
momentum, large-size droplets [32] 
The last mechanism to affect tip wetting is attributed to the liquid and gas mixture inside 
the nozzle or sac volume. During the expansion stroke of the engine cycle, the fuel mixture inside 
the sac volume is syphoned out of the injector. For diesel injectors, Eagle and Musculus [38] refer 
to this as late-cycle dribble, but made no connection to tip wetting. Tip wetting can occur during 
this process because the fuel mixture can condense onto the injector tip due to changing state 
conditions. The effects of this fuel-condensation tip wetting mechanism are also not well studied 
or understood. 
2.4.2 Physical Mechanisms of Injector Tip Drying 
The tip drying mechanisms are dictated by heat (or thermal) and mass transfer. Thermal 
evaporation of the liquid film on the injector tip is dependent upon several parameters including 
tip temperature, ambient pressure and temperature, total deposited fuel mass, and time. 
Fundamentally, the physics of liquid film thermal evaporation on an injector tip is analogous to 
sessile droplet evaporation on a hot plate. A droplet at steady-state conditions can go through two 
vaporization regimes: single-phase evaporation for tip temperatures below the liquid boiling point, 
and boiling evaporation for tip temperatures much higher than the boiling point. These 
mechanisms were observed by Karwa et al. [41] who investigated the effects of ambient pressure, 
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tip temperature and air flow velocity on tip drying rate in a controlled lab experiment using 
isooctane fuel. The single-phase evaporation thermal mechanism was observed to be significant 
for tip temperatures up to 10 °C higher than the boiling point, i.e. superheat of 10 °C. For tip 
temperatures higher than a superheat of 10 °C, the main thermal mechanism was controlled by 
boiling. Stanglmaier et al. [40] studied the evaporation behavior for Howell EEE certification 
gasoline at different system pressures, and the results indicated that at engine-like conditions, 
vaporization of multi-component fuels was best represented as single-phase evaporation. 
Tip drying also occurs due to mass convection. Piston motion induces gas velocities that 
contributes to fuel film evaporation through mass convection, and importantly, the effects of 
airflow are only significant during single-phase evaporation, as reported by Karwa et al. [41]. 
Under this evaporation regime, the evaporation occurs dominantly at the liquid-gas interface and 
the flow of gas over the liquid surface assists in carrying out more molecules from the surface to 
the gas. Consequently, tip drying is attributed to single-phase evaporation and mass convection, 
which are shown schematically in Figure 2.10. Both tip drying mechanisms are a function of the 
bulk fluid temperature, Tg, and velocity, ug, the fuel film or droplet temperature, TL and the nozzle 
tip or wall temperature, Tw. 
 
Figure 2.10: A conceptual understanding for injector tip drying based on single-phase evaporation and 
forced convection evaporation mechanisms 
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2.4.3 Physical Mechanisms of Deposit Formation on the Injector Tip 
Incomplete evaporation of the liquid fuel film on injector tip leads eventually to deposit 
formation on the tip. There is a scarcity in literature on the available physical mechanisms that 
explain injector deposit formation in GDI engines. A physical mechanism that explains internal 
injector nozzle deposit formation was proposed by Kinoshita et al. [42]. The mechanism is 
schematically shown in Figure 2.11. It is proposed that deposit precursors, which formed through 
oxidation, condensation and precipitation of unstable HCs, are dispersed immediately in the liquid 
fuel after injection. Depending on the injector nozzle temperature and the 90% distillation 
temperature (T90) of the fuel, two different processes could proceed. (1) If the nozzle temperature 
is smaller than the T90 of the fuel, most of the fuel trapped in the nozzle will stay in the liquid 
state, and the precursors will be washed away by the next injection cycle. In this case, deposits do 
not form in the injector nozzle. (2) If the nozzle temperature is higher than the T90 of the fuel, 
most of the fuel in the nozzle would evaporate, and the deposit precursors adhere and stick to the 
nozzle wall. The precursors then nucleate and grow into agglomerates and form carbon deposits 
in the injector nozzle.  
 
Figure 2.11: Mechanism of injector deposit formation proposed by Kinoshita et al. [42] 
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This mechanism shed light on the importance of the T90 parameter of the fuel in injector 
deposit formation. However, the role of the T90 of the fuel was disputed by Aradi et al. [43]. In 
their work, the fuel flow rate loss due to nozzle deposit plugging was measured for different nozzle 
temperatures and fuels with various T90s (Figure 2.12). It is generally observed that fuel rate loss 
increased with increasing nozzle temperature until a certain point after which it decreased. This 
shows that injector deposits is a strong function of nozzle temperature. For most of the situations 
where the nozzle temperature is higher than the T90 of the fuel, the fuel flow rate loss was lower 
than in the cases where the nozzle temperature is smaller than the T90. This indicates that there 
were less deposits for these cases, which contradicts the proposed mechanism by Kinoshita et al. 
It can be inferred from the work of Aradi and co-workers that injector deposits do not favor a very 
low or very high temperature range. 
 
Figure 2.12: Percentage of fuel flow rate loss as a function of nozzle temperature for different fuels [21] 
A more recent mechanism for external injector deposit formation was proposed by 
Slavchov et al. [44]. The mechanism is based on temporal variation of fuel film boiling 
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temperature, combustion gases temperature and injector tip temperature. As pressure changes 
during the engine cycle (Figure 2.13a), boiling point of the fuel film, in-cylinder gas temperature 
and injector tip temperature are assumed to vary according to Figure 2.13b. Accordingly, the 
authors assumed that the deposit formation mechanism proceeds according to the following 
process. (1) First, after the end of injection fuel droplets are hypothesized to leak out from the 
injector nozzle and sit on the external surface of the tip. During the cylinder peak pressure (CAD0 
< CAD < CADb), the droplet assumes the temperature of the tip, which is below its boiling 
temperature. (2) Once the combustion process takes place, radicals and deposit precursors formed 
in the gas transport into the liquid film. The liquid film then starts degrading by liquid oxidation 
reactions. (3) In the later stage of the cycle, where the boiling point of the droplet equals the tip 
temperature (CAD > CADb), the liquid film starts boiling until it evaporates completely. During 
boiling, the non-volatile degradation products are either adsorbed at the tip surface or precipitate 
in the liquid film. It is also assumed that for internal nozzle deposit formation, any materials that 
precipitated in the liquid film are washed away by the next injection event, and only materials that 





Figure 2.13: (a) variation of cylinder pressure p as function of crank angle degrees (CAD) during the 
engine cycle (SRM Engine Suite simulation). (b) variation of boiling temperature Tb calculated from the 
Clausius-Clapeyron equation, simulated temperature of the combustion gases Tcylinder charge, and average 
injector tip temperature Ttip during the engine cycle [44] 
2.4.4 Correlations Between Injector Tip Wetting, the Resulting PN, and Deposit Growth on the 
Injector Tip 
Injector tip wetting and tip drying have important effects on particulate emissions from 
GDI engines, and at specific conditions, combustion of fuel on the injector tip has been shown to 
be a significant source of particulates. For example, Berndorfer et al. [28] used in-cylinder imaging 
to identify and quantify luminescence from diffusion flames originating from the fuel injector tip 
of a large bore single-cylinder GDI engine. The large bore was used to reduce the effects of wall 
and piston wetting by the fuel spray. The imaging data of the injector diffusion flame were 
quantified and compared with experimental measurements of engine-out PM and PN. The 
diffusion flame results correlated well with the particulate measurements, leading the authors to 
conclude that combustion of the fuel on the injector tip was the dominant source of particulate 
emissions, whereas combustion of the bulk charge was not.  
Similarly, Dageforde et al. [45] investigated the spray behavior including wall 
impingement, tip wetting, and PN emissions for injectors with different internal geometries using 
(a) (b) 
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different measurement techniques. The main differences in injector geometry were the pre-hole 
diameters and orifice inlets. When tested in a GDI engine, the authors observed a significant 
difference in PN emissions after a 20-hour endurance test for a reduced pre-hole diameter. The 
change in diameter decreased the penetration distance of the spray, reducing the likelihood of wall 
impingement of the fuel when visualized in a constant-volume chamber. Further testing using long 
distance microscopy revealed the reduced pre-hole diameter also resulted in qualitatively lower tip 
wetting. The authors concluded that the significant improvement in PN emissions was likely 
caused by the reduction in tip wetting from the pre-hole design modification.  
Leick et al. [46] studied tip wetting using various methods both experimentally and 
computationally for gasoline sprays. Flash boiling and non-flash boiling operating conditions were 
compared to study the spray structure for a single injector. Simulations and constant volume 
chamber experiments helped understand differences in spray behavior between the different 
operating conditions. Compared to the non-flash boiling conditions, flash boiling sprays resulted 
in faster fuel vaporization and wider spray plumes at the orifice outlet. The wider spray plumes 
caused an interaction with the pre-hole surfaces resulting in tip wetting. However, the engine 
experiments revealed that flash boiling decreased PN emissions under certain operating conditions, 
and increased PN emissions for other operating conditions. The improvements in vaporization 
rates and worsening tip wetting could not be decoupled from the PN measurements in this engine 
study. However, in a related study on flash boiling, Leick et al. [11] performed laser-induced 
fluorescence to quantify the tip wetting area and height for different injector geometries and 
operating conditions. The results showed that flash boiling and injection pressure were the biggest 
factors affecting tip wetting. Changes in injector geometry did not reveal significant effects on tip 
wetting, contrary to what was found in Dageforde et al. for changes in geometry and PN emissions 
[45]. 
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A study relevant to tip wetting and the resulting PN and deposit growth on the tip was 
performed by Peterson et al. [47], where they performed engine experiments of six multi-hole 
injectors having different geometries. The experiments were conducted in a single-cylinder GDI 
engine with optical access to the combustion chamber via both the head and the piston. Their study 
showed that all injectors had the same dominant soot formation mechanism, which is the liquid 
film on the injector tip surface resulting in diffusion flames that produce soot near TDC-firing. 
This soot fails to completely oxidize and carries on into the expansion stroke and eventually into 
the exhaust. Formation of the liquid film was owed to the occurrence of three phenomena (Figure 
2.14). (1) A plume with extreme width, causing the external surface of the tip to be wetted. (2) 
End of spray fuel droplets, which are large and have low momentum, recirculating and landing on 
the external surface of the injector tip. (3) The incomplete clearance of the sac and internal nozzle 
volume from liquid fuel after the end of the spray.  
 
Figure 2.14: (a) Extreme width of plume causes the fuel to have contact with corners at the nozzle exit. 
This results in fuel film developing on the external surface of the injector tip. (b) During spray, high 
pressure difference results in high momentum flow and small drops. At the end of spray, low pressure 
difference results in low momentum flow and large drops that deposit on nozzle [47] 
The three mechanisms are shown experimentally in Figure 2.15. All injectors were also 
observed to foul and injector fouling was related to injector tip wetting and PN emissions. Figure 
2.16 shows a qualitative correlation between tip deposit and soot formation for three cases. In the 
first case, the injector tip was initially clean. For the second case, the initial condition of the injector 
is a fouled injector with a layer of deposit on the injector tip. The third case had half the injector 
(a) (b) 
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fouled and the other half cleaned. As shown in the figure, high soot production corresponds to the 
cases of fouled regions on the injector tip. In general, the authors observed that engine-out soot 
increased with increased injector fouling and decreased with increasing fuel rail pressure.  
 
Figure 2.15: (Top row) Three mechanisms of injector tip wetting leading to diffusion flames on the tip. 
(Bottom row) Presence of liquid fuel on the tip and the resulting soot formation [47] 
 
Figure 2.16: Effect of deposit growth on injector tip on soot formation [47] 
Another work by Knorsch et al. [48] investigated the relationship between injector nozzle 
geometry and fuel films on the injector tip. The specific goal of the study was to understand the 
effect of cavitation forming inside the injector nozzle and the impact it has on PN emissions for an 
optimum design of nozzle geometry. The basic geometrical design of the injector nozzle studied 
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is similar to the design in Figure 2.6. The main design parameters studied were hole length, hole 
diameter, hole angle (conicity), pre-hole length and pre-hole diameter. A systematic variation of 
these parameters in a real engine was performed. The cavitation tendency for six nozzle geometries 
were evaluated in this study. In general, nozzles with higher hole length and stronger converging 
cone angle had lower cavitation tendency. This helped reduce the wetting of injector tip surface, 
resulting in lower PN emissions. 
Berndorfer et al. [28] developed a measurement technique to derive a quantity called 
injector diffusion flame that quantifies the diffusion flame taking place on the injector tip. It was 
found that this quantity correlated well with the soot level (mass and number) measured in the 
exhaust, as can be seen in Figure 2.17. The figure also shows images of the clean injector before 
the beginning of the test and the coked (fouled) injector at the end of the test. Authors suggested 
that injector deposits act as a trap for fuel vapor that is later freed and combusted in a diffusion 
flame. Going to higher fuel rail pressures was also recommended for reducing injector diffusion 
flames.  
 
Figure 2.17: Injector diffusion flame has the same temporal evolution as soot emissions [28] 
A recent study by Henkel et al. [49] looked at the effect of injector fouling on particulate 
mass and number emissions as well as spray characteristics. In this work, it was shown that injector 
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fouling has a negative impact on particulate emissions. The authors were able to reverse this 
negative effect by using fuel detergents. Four fuels (A, B, C and D) were used, two of which (B 
and C) contained a fuel detergent chemical. Engine tests were performed in two cycles: an injector 
fouling cycle and an injector clean-up cycle. The PN results can be seen for all of the fuels in 
Figure 2.18 for the injector fouling cycle and Figure 2.19 for the injector clean-up cycle. To check 
if there is a correlation between the level of particulate emissions and injector deposits, injectors 
were imaged after each cycle (Figure 2.20 and Figure 2.21). Clearly, the use of fuel detergency, 
which reduced PN levels resulted in cleaned-up regions inside the injector nozzles and on the 
external tip surface around the nozzles. 
 
Figure 2.18: Time evolution of PN emitted by the engine for the four fuels studied for the injector fouling 
cycle. The blue region indicate 30-minute operation with reduced speed, load and fuel rail pressure [49] 
 
Figure 2.19: Time evolution of PN emitted by the engine for the four fuels studied for the injector clean-




Figure 2.20: Clean (top), fouled (middle) and cleaned-up (bottom) injector images for engine running on 
Fuel A. Images in the right column are zoomed in versions of the images in the left column [49] 
 
Figure 2.21: Images of injectors used in engine running on detergent Fuel B and C [49] 
Effect of injection pressure and charge motion on particulate emissions was also studied 
by Piock et al. [50]. Figure 2.22 shows the effect of fuel rail pressure and charge motion on PN 
emissions. It is generally observed that increasing injection pressure results in lower tip wetting 
PN as evident by the luminosity shown in Figure 2.23, which shows endoscopic images of 
diffusion flames taking place at injector tip surface due to injector tip wetting for three different 
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injection pressures. Charge motion was also shown to result in lower PN emissions. The authors 
owed this to the enhancement in mixture formation, leading to better homogeneity, but made no 
connection to tip wetting. However, the lower PN could also be as a result of better fuel film 
evaporation, as observed by Karwa et al. [41]. 
 




Figure 2.23: Endoscopic images of diffusion flames at injector tip surface because of injector tip wetting 
for three different injection pressures [50] 
From the brief review above, it is generally observed that the correlations observed 
between tip wetting, the resulting PN and tip deposit are mainly qualitative. In addition, no direct 
measurement or quantification of the amount of injector deposit was observed. Nonetheless, the 
previous studies provide strong evidence that injector tip wetting contribute to soot formation and 
emission.  
2.4.5 Modeling of Injector Tip Wetting, Tip Drying, and Deposit Growth on the Injector Tip 
Modeling of injector tip wetting, tip drying and deposit growth on the GDI injector tip is 
another scarce area. This might be due to the complexity of the process and the unknown/unclear 
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physics of injector tip wetting and deposit formation. In terms of injector tip wetting and drying 
modeling, the most relevant work found in literature is the recent work by Fischer and Thelliez 
[51]. In their work, a complex chain of simulation tools was used to simulate fuel film formation 
and evaporation on the injector tip from the start of injection to ignition. The complex 3D CFD 
simulation procedure consisted of three consecutive parts. (1) In the first part, the injector nozzle 
geometry is modeled and fluid flow in the nozzle is simulated using an Euler multiphase technique. 
The flow conditions inside the injector nozzle are important and will change depending on fuel 
rail pressure, affecting the ensuing fuel film formation. The results from this part are stored in what 
the authors called, nozzle files, where they are used as input for later simulations. (2) The second 
part consisted of spray simulations by a Lagrangian spray method and using the nozzle files from 
the first part. This is coupled with a wall film model for fuel film formation and evaporation. Good 
agreement between spray simulations and measurements verified correct nozzle files as well as 
good spray and wall film models. (3) In the last part, a full engine cycle is simulated using the 
input nozzle files and spray and wall film models. The boundary conditions used in the engine 
simulation are shown in Table 2.1. These boundary conditions are varied for a fixed engine speed 
and load of 3000 RPM and 10 bar BMEP.  
Table 2.1: Boundary conditions used in injector tip wetting and drying simulation in [51] 
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The major findings from this simulation work are summarized in Figure 2.24. Fuel and tip 
temperatures had the most significant reduction effect on fuel film formation and evaporation, with 
fuel temperature (case #E5) having higher effect than tip temperature (case #E6 and #E7). Case 
#E3 and #E4, having higher flow velocities, showed lower fuel film mass at the end of the injection 
event. However, charge motion in this case did not influence fuel film evaporation compared to 
the reference case #E2 that had lower gas flow velocities. This indicates that charge motion is 
important only during injection, where it affects the film distribution on the tip. 
 
Figure 2.24: Change of fuel film mass (relative) from end of injection to ignition for boundary conditions 
in Table 2.1 [51] 
In terms of modeling injector deposit formation, the model by Slavchov et al. [44], to our 
knowledge, is the only available model in the literature. The model is schematically shown in 
Figure 2.25. The model is based on liquid oxidation reactions at high temperatures, where the NOx 
formed during the combustion process transports to the quench layer of the liquid film, leading to 
fuel film degradation by reacting with the oxygen dissolved in it. The products of this liquid 
oxidation attach to the tip surface forming polar deposits. The model predicts deposit formation 
for two cases; adsorption and precipitation, and can be used to study the effect of deposit layer 
thickness on the rate fuel delivery and injector tip temperature. Worse deposit formation tendency 
was observed for branched alkanes compared to n-alkanes. More details on the chemical reactions 
and model development can be found in [44].  
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Figure 2.25: Deposit formation model proposed and developed by Slavchov et al. [44] 
All other models, mainly focused on internal deposit formation, attempted to model the 
effect of deposit formation through modeling fuel flow rate loss. A model for injector plugging 
kinetics that describes the fuel flow rate loss was proposed by Aradi et al. [52] and was later 
adapted by Miura et al. [53]. Aradi et al. observed that temporal evolution of fuel flow rate loss 
followed an asymptotic behavior, starting with a fast initial flow rate loss followed by a stabilized 
flow rate loss after a certain period of time. An example for the described behavior is shown in 
Figure 2.26. This trend in flow rate loss was also observed in other research works [42,43,54–56]. 
 
Figure 2.26: Percentage of fuel flow rate loss as a function of time starting with clean injectors [52] 
2.5 Proposed Hypothesis for Liquid Film Evaporation on Fuel Injector Tip 
In the literature review presented in Chapter 2, it is established that fuel films deposited on 
injector tip during the fuel injection process play an important role in soot formation and emission 
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from GDI engines. Therefore, managing the fuel film becomes crucial to reducing or eliminating 
PN emissions due to tip wetting. This can be done by either reducing or mitigating the initial fuel 
film that deposit on the tip during injection, or by evaporating all or most of the fuel film before 
ignition takes place. The former method requires a clear understanding of the dependence of the 
fuel film on injector nozzle parameters, which is still largely unclear as explained and analyzed in 
Section 2.4. On the other hand, fuel film evaporation from the injector tip depends on operating 
conditions of the engine and the injector such as in-cylinder pressure and temperature, engine 
speed, fuel properties, tip temperature, etc. Understanding of the physics of injector tip drying is 
therefore less ambiguous but remains a challenge. Clear understanding of tip drying physics can 
lead to significant reductions in PN emissions due to tip wetting. 
The literature review on the physical mechanisms of tip drying and the work of Slavchov 
et al. [44] can be used as a guide to formulate a hypothesis on how the fuel film on the injector tip 
evaporates and leads to PN emissions. During an engine cycle, the combustion chamber pressure 
changes as the piston moves, as shown in Figure 2.13a. This causes the boiling point of the fuel 
film to increase with in-cylinder pressure, as Slavchov et al. highlighted in Figure 2.13b. The 
hypothesis is that the rate of fuel film evaporation reduces with time as the pressure (and the boiling 
point of the film) increases during the drying period, i.e. from end of injection to spark. 
Furthermore, in the peak pressure region or close to the spark timing, it is expected that no 
evaporation takes place since the boiling temperature of the film is much higher than the tip and 
fuel temperatures. 
To validate this hypothesis, an attempt is made to model fuel film evaporation from the 
injector tip based on the evaporation and condensation theory. The model is then to be validated 
using two methods. First, the model is validated for isobaric evaporation by comparing with 
experimental data from literature, specifically from the work of Karwa et al. [41]. The second 
 33 
method validates the model by performing engine experiments. Since direct fuel film mass 
measurements are difficult in a real engine, trend-wise comparisons with PN emissions and amount 
of deposit formed as a result of tip wetting are considered for the validation. The boundary 
conditions observed by other researchers for the wetted surface area and the initial film mass on 
the injector tip as well as other measured quantities such as fuel and tip temperatures are used as 




Chapter 3 Modeling of Liquid Film Evaporation on Fuel Injector Tip: 
Theoretical Approach 
 
The proposed hypothesis was formulated as a theoretical model, which was then validated 
using experiments. In this chapter, the mathematical approach used in the theoretical model 
development is explained in details. The theoretical bases of the model are presented first, followed 
by the complete mathematical procedure. The solution algorithm used in the calculations is 
presented at the end of the chapter. 
3.1 Fundamentals of Large Spherical Drop Evaporation 
Naturally, the phenomenon of liquid drop evaporation involves many complexities. The 
physical processes involved are non-stationary with unequal temperature and vapor concentration 
gradients. In addition, conductive, convective and radiative heat transfer processes occur between 
the drop and the medium. For these reasons, idealized evaporation models had to be made using 
simplifying assumptions to form the basis of diffusion-controlled drop evaporation rate equations. 
These equations are often found to be valid for more complex, non-stationary evaporation 
processes. [57] 
The basic theory begins with “quasi-stationary” assumption for drop evaporation and heat 
transfer. In this assumption, the rate of the process at any instance in time is considered equal to 
the rate of the stationary process with the boundary conditions attained at that instance. Maxwell 
[58] derived the general diffusion rate equation for a spherical drop in air that related the vapor 
concentration (or density) to the drop radial position. To derive the equation, Maxwell assumed 
that the concentration of the vapor at the drop surface was equal to the vapor equilibrium 
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concentration (i.e. the saturated vapor concentration at the drop surface temperature). Fuchs [59] 
showed that this assumption is applicable for large droplets, where the drop radius is much greater 
than the mean free path of the vapor molecules. For stationary evaporation process, the rate of 







where 𝑚 is the mass [kg], 𝑡 is the time [s], 𝑟 is the radial distance from the center of the drop [m], 
𝐴𝑠 = 4𝜋𝑟
2 is the surface area of the spherical drop [m2], 𝐷 is the diffusion coefficient [m2/s] and 
𝜌 is the vapor concentration [kg/m3]. When air is the medium during drop evaporation, a mixture 
of vapor and air molecules forms the gas phase and the concentration equilibrium is locally reached 
at the drop-air interface. The diffusion of vapor molecules is therefore the rate-limiting process for 
drop evaporation.  
3.2 Evaporation of a Cylindrical Liquid Film on Injector Tip 
From experimental observations of liquid film surface area and thickness on the injector 
tip [11], the liquid film geometry differs significantly from spherical shape. The surface area of 
the liquid film is much higher than its thickness. A simple cylindrical geometry was found to be 
more representative of the liquid film shape. Therefore, the liquid film evaporating from the 
injector tip is assumed to have a cylindrical geometry as shown in Figure 3.1. 
 
Figure 3.1: Assumed geometry of the liquid fuel film on the injector tip 
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In Eq. 3.1, which is based on spherical geometry, the drop radius was assumed to vary 
during evaporation. From the film geometry in Figure 3.1 evaporation is assumed to cause the film 
thickness to vary, with constant surface area of evaporation. Based on these assumptions, we can 







where 𝐴𝑠 = 𝜋𝑟
2 is the surface area of evaporation [m2] and 𝐿 is the axial distance from the tip 
surface [m].  
At the film surface (𝐿 = 𝐿𝑠), the vapor has concentration 𝜌𝑣,𝐿. On the other hand, when the 
film is completely evaporated (𝐿 = 0), the vapor has concentration 𝜌𝑣,g. Using these boundary 
conditions and the ideal gas relation (𝜌 =
?̅?
𝑅𝑇
𝑝), Eq. 3.2 can be integrated to yield the rate of mass 




















(𝑝𝑣,𝐿 − 𝑝𝑣,g) … (3.3) 
where ?̅? is the average molecular weight of vapor [kg/mol], 𝑅 is the universal gas constant [8.314 
J/mol-K], 𝑇 is the vapor temperature [K], 𝑝𝑣,𝐿 is the liquid vapor pressure [Pa] and 𝑝𝑣,g is the 
pressure of vapor in gas [Pa].  
Eq. 3.3 indicates that the difference in vapor pressure is the factor controlling the diffusion 
rate. If the vapor pressure in liquid-gas interface is greater than the vapor pressure in gas (𝑝𝑣,𝐿 >
𝑝𝑣,g), molecules will diffuse from the liquid surface to the gas (evaporation). In contrast, if the 
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vapor pressure in gas is greater than the liquid vapor pressure (𝑝𝑣,𝐿 < 𝑝𝑣,g), molecules will diffuse 
from the gas to the liquid surface (condensation). This is shown schematically in Figure 3.2. 
 
Figure 3.2: Physics of liquid film evaporation from injector tip. pv,L > pv,G results in evaporation, whereas 
pv,L < pv,G results in condensation 
3.2.1 Assumptions and Boundary Conditions 
A number of assumptions had to be made in order to find an analytical solution to Eq. 3.3. 
These assumptions are: 
1) Quasi-stationary condition is assumed for all processes. As explained before, quasi-stationary 
condition assumes a stationary condition for the rates of mass and heat transfer at any moment 
in time at the boundary conditions obtaining at that moment. This allows for the solution of 
Eq. 3.3 assuming isothermal and isobaric conditions. 
2) Surface area of evaporation is constant. 
3) The liquid film and ambient gas are stationary i.e. motionless. The motionless liquid film 
assumption is supported by the fundamental experiments of injector tip wetting by Leick et al. 
[11] that showed that the film area stabilizes towards the end of injection. 
4) Fuel properties are constant, and are taken at 90 °C and atmospheric pressure.  
5) Heat transfer by conduction from the tip to the liquid film is the dominant heat transfer 
mechanism, and all other heat transfer mechanisms are considered negligible.  
6) Heat transfer from the tip to the liquid film is one-dimensional.  
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7) Temperature gradient through the liquid film is constant. 
Eq. 3.3 is subjected to the following boundary conditions: 
𝑡 = 0 ⇒ 𝑚 = 0 
𝑡 = ∞ ⇒ 𝑚 = 𝑚𝑖 
where 𝑚𝑖 is the total mass evaporated after long time, which is the same as the initial liquid film 
mass the evaporation process started with [kg]. Based on experimental observations [11], this 
initial film mass is assumed to be 0.1% of the injected fuel mass.  
3.2.2 Heat Transfer from the Tip to the Liquid Film 
The main heat transfer mechanism for injector tip drying is the conduction heat transfer 
from the injector tip to the liquid film (Figure 3.3). Tip temperature is a significant parameter in 
the evaporation process since it affects the film temperature, which affects the liquid vapor 
pressure (𝑝𝑣,𝐿 in Eq. 3.3). In general, the rate of heat conduction through the liquid film is equal to 
the rate of heat change of the liquid film. Mathematically, 
 









where 𝑘 is the thermal conductivity of the liquid film [W/m2-K], 𝑇𝑤 is the tip or wall temperature 
[K], 𝑇𝐿 is the liquid film temperature [K], 𝜌 is the density of the film [kg/m
3], 𝑉 is the volume of 
the liquid film calculated from (𝑉 = 𝑚 𝜌⁄ ) [m
3] and 𝑐𝑝 is the specific heat capacity of the liquid 
film [J/kg-K]. Eq. 3.4 can be solved for 𝑇𝐿(𝑡) by integrating from the initial conditions 𝑡 = 0 and 
























Therefore, at any instance in time, the film temperature changes according to Eq. 3.5. The 








3.2.3 Mass Transfer from the Liquid Film to the Gas 




𝑚 … (3.7) 
where 𝑉𝑣 is the vapor volume [m









𝐷𝑝𝑣,𝐿 = 0 … (3.8) 
For stationary conditions (i.e. isothermal and isobaric evaporation), Eq. 3.8 represents a 
first-order ordinary differential equation (O.D.E.) in the form 𝑎
𝑑𝑚
𝑑𝑡
+ 𝑏𝑚 + 𝑐 = 0, where 𝑎, 𝑏 and 










subjected to the boundary condition 𝑚(0) = 0. 









) … (3.9) 
In Eq. 3.9, all parameters are known or can be estimated except for the vapor volume 𝑉𝑣. 




, which has unit of mass [kg], represents the asymptotic value of the curve. In our case, 
this value is the final mass evaporated or alternatively the initial film mass that needs to be 
evaporated, which is known. From this understanding, if we let 𝑚∗ =
?̅?𝑉𝑣𝑝𝑣,𝐿
𝑅𝑇
, the vapor volume 




𝑚∗ … (3.10) 
Thus, the final equation that describes the mass loss due to evaporation becomes 





) … (3.11) 
3.2.4 Diffusion Coefficient Estimation 
The diffusion coefficient (𝐷 in Eq. 3.11) is estimated from the theory of diffusion for binary 
gas systems at low to moderate pressures [60]. The Chapman and Enskog theory estimates the 








where 𝐷𝐴𝐵 is the diffusion coefficient of gas A diffusing in gas B [cm
2/s], 𝑇 is the temperature [K] 
and 𝑝 is the pressure [bar]. 𝑀𝐴𝐵 is the net molecular weight [g/mol] defined as 










where 𝑀𝐴 and 𝑀𝐵 are the molecular weights of gas A and B, respectively. 𝜎𝐴𝐵 is the average 





where 𝜎𝐴 and 𝜎𝐵 are the characteristic Lennard-Jones lengths for gas A and B, respectively.  
Ω𝐷 is the diffusion collision integral, which is a dimensionless parameter function only of 
𝑘𝑇/ε𝐴𝐵, where 𝑘 is the Boltzmann constant and ε𝐴𝐵 is the net characteristic Lennard-Jones energy 
[J] defined from 
𝜀𝐴𝐵 = (𝜀𝐴𝜀𝐵)
1/2 … (3.15) 
where 𝜀𝐴 and 𝜀𝐵 are the individual characteristic Lennard-Jones energies for gas A and B, 













∗ … (3.16) 
Where  
𝑇∗ = 𝑘𝑇/ε𝐴𝐵 𝐴 = 1.06036 𝐵 = 0.15610 
𝐶 = 0.19300 𝐷 = 0.47635 𝐸 = 1.03587 
𝐹 = 1.52996 𝐺 = 1.76474 𝐻 = 3.89411 
Appendix A tabulates the values of 𝜎 and 𝜀/𝑘 for a number of pure substances.  
3.2.5 Fuel and Gas Properties 
The two working fluids used in the analysis were EPA Tier III premium certification 
gasoline and air. The Supplier Certificate of Analysis provided a number of properties for EPA 
Tier III premium certification gasoline, which allowed the calculation of other important chemical 
and thermal properties. For example, the average molecular weight of EPA Tier III premium 
certification gasoline (114.22 g/mol) was calculated based on its hydrogen, carbon and oxygen 
content data taken from Supplier Certificate of Analysis, which were measured using ASTM 
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D5291 (for H and C) and ASTM D4815 (for O) test methods. However, properties of isooctane as 
a surrogate fuel were used as needed whenever the Supplier Certificate of Analysis did not include 
the required property. The choice of isooctane was based on the enthalpy of vaporization 
comparison between EPA Tier III premium certification gasoline and isooctane. Fatouraie et al. 
[61], measured the heat of vaporization for a number of fuels, including EPA Tier III premium 
certification gasoline, and its value was found to be 37.2 kJ/mol at 15 °C. The value of enthalpy 
of vaporization for isooctane on the other hand is very well documented in literature [62] and it 
equals to 35.9 kJ/mol at the same temperature. The percentage difference between the two values 
is around 3.6%, which is acceptable. Thermal properties for isooctane used in the analysis are 
tabulated in Appendix A. 
As presented in Section 3.2.4, the diffusion coefficient calculation required the knowledge 
of two-gas system properties, specifically the characteristic Lennard-Jones length and energy. In 
this case, the vapor molecules of isooctane were assumed to diffuse in the gas molecules of air. 
Lennard-Jones length and energy for air are well documented in [60] and are also shown in 
Appendix A. On the other hand, the corresponding properties for isooctane were unavailable and 
had to be estimated. 
Leonard et al. [63] developed relationships between the Lennard-Jones force constants 
(length and energy) and the critical properties of the gas i.e. critical temperature, critical molar 
volume and critical pressure. The relationships were used in this work for the calculation of the 













where 𝑇𝑐 is the critical temperature of the gas [K], 𝑣𝑐 is the critical molar volume of the gas [cm
3/g-





where 𝑝𝑐 is the critical pressure of the gas [bar]. Appendix A tabulates the critical properties used 
to calculate the Lennard-Jones potentials for isooctane for the calculation of the diffusion 
coefficient. 
The liquid vapor pressure is another important property that show up in Eq. 3.10, which 
needed to be estimated. Antoine equation (Eq. 3.20) was used for this purpose. 




where 𝐴, 𝐵 and 𝐶 are the Antoine parameters and 𝑇𝐿 is the liquid temperature [K]. Appendix A 
presents the Antoine parameters (provided by NIST) used for the calculation of the liquid vapor 
pressure for isooctane.  
3.2.6 Estimation of In-Cylinder Gas Temperature 
The vapor temperature is a required parameter in Eq. 3.10, Eq. 3.12 and Eq. 3.16. In the 
current analysis, the vapor temperature assumes the in-cylinder gas temperature. Therefore, it is 
important to estimate its value. For this purpose, an internal Bosch engine Combustion Analysis 
Tool (BeCAT) was used to calculate the in-cylinder gas temperature from the measured in-cylinder 
gas pressure. The BeCAT is based on the work of Kulzer [64], where it can be used to perform 
different kinds of combustion analyses such as pressure trace statistics, burn rate analysis, gas 
exchange analysis, etc.  
To calculate the in-cylinder gas temperature, two analyses are relevant: the gas exchange 
analysis and the burn rate analysis. The former analysis estimates the mixture gas temperature 
during the gas exchange period of the engine cycle as well as the mass residuals at the end of the 
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gas exchange. The burn rate analysis on the other hand can be used to estimate the gas temperature 
during the closed portion of the engine cycle. Both analyses estimate the gas temperature by 
solving the first law of thermodynamics, the ideal gas law, the mass balance and energy balance 
equations. More information about the equations and detailed calculation procedure can be found 
in [65].  
3.3 Evaporation Time Constant: A Deterministic Factor 
In Section 3.2, it was briefly mentioned that Eq. 3.9 (or 3.11) has the features of a first-
order asymptotic model. In general, first-order asymptotic models are written in the form of Eq. 
3.21. 
𝑚(𝑡) = 𝑚∗(1 − 𝑒− 𝑡 𝜏𝑐⁄ ) … (3.21) 
where 𝑚(𝑡) is the instantaneous value and 𝑚∗ is the asymptotic value at 𝑡 = ∞. 𝜏𝑐 is the time 
constant, which is the time needed for the instantaneous value to reach 63.2% of its asymptotic 
value. By comparing Eq. 3.11 and Eq. 3.21 and using Eq. 3.10, an evaporation time constant can 






𝑚∗ … (3.22) 














𝑚∗ … (3.23) 
By minimizing this time constant, the fuel film evaporation is maximized and PN emissions 
are minimized. 
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3.4 Solution Algorithm 
MATLAB was used to implement a solution algorithm (see Appendix B for the MATLAB 
code) that solves all relevant equations presented in Section 3.2 and Section 3.3. Figure 3.4 shows 
the discretized time domain used in the algorithm. The specific solution procedure is as follows: 
 
Figure 3.4: Discretized time domain used in the solution algorithm 
(1) First, the in-cylinder gas temperature is estimated using BeCAT. 
(2) Then, all data are imported into MATLAB for analysis. The imported data are: 
a. Crank angle data. 
b. Measured in-cylinder gas pressure. 
c. Calculated in-cylinder gas temperature. 
d. Measured PN. 
e. Measured deposit volume. 
f. Measured tip and fuel temperatures. 
g. Engine speed. 
h. Engine load. 
i. Injected fuel mass. 
j. End of injection (EOI) timing. 
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k. Spark timing. 
l. Fuel and gas properties. 
(3) After that, the individual Lennard-Jones length and energy constants for isooctane are 
calculated using Eq. 3.17 and Eq. 3.18. 
(4) Then, the net Lennard-Jones length and energy constants are calculated from Eq. 3.14 
and Eq. 3.15 using the individual Lennard-Jones constants for isooctane and air. 
(5) The net molecular weight is calculated from Eq. 3.13.  
(6) Initial film mass on injector tip and surface area of evaporation are calculated/assumed 
based on experimental observations: 
a. Initial film mass equals to 0.1% of the injected fuel mass. 
b. Surface area of evaporation is within 2 to 3 mm2.  
(7) The relevant equations are solved at each point in time (i = 1, 2, …, n) in the following 
order: 



















































f. Mass evaporated: 𝑚𝑖 = 𝑚











(8) The solver solves the previous equations for the whole time domain, and the mass on 
the tip at each time is predicted and the evaporation curve is constructed.  
(9) After that, the fuel film mass remaining before the time of spark is determined. For all 
cases, it was observed that as pressure increases during the compression stroke, mass 
was added by condensation. Therefore, based on the assumption that no condensation 
occurs and in-cylinder gas motion assists in evaporation, the film mass that burns into 
a diffusion flame resulting in PN was assumed to be the minimum mass predicted 
between EOI to spark timing. i.e. 
𝑚@ 𝑆𝑃𝐴 = min(𝑚𝑖) , 𝑖 = 1, 2, … , 𝑛 
(10) Comparisons between predicted film mass at the time of spark, and measured PN and 




Chapter 4 Quantifying Particulate Formation and Deposition on the Injector 
Tip: Experimental Approach 
 
Measurement of fuel film mass on injector tip of a GDI engine includes many experimental 
uncertainties, as shown by Leick et al. [11]. Therefore, to validate the theoretical model during an 
engine cycle, trends in predicted film mass calculated from the model were compared with trends 
in measured engine-out PN and injector deposit volume at different operating conditions. A 
combination of engine experiments and 3D digital microscopy techniques was used for this 
purpose. 
Engine tests were performed at the R&D facility of Robert Bosch LLC in Farmington Hills, 
Michigan, USA. A schematic diagram for the experimental setup used to conduct engine 
experiments is shown in Figure 4.1. Multi-cylinder engine experiments were performed in an 
engine dynamometer cell, and tests were controlled from computers outside the cell. 
 
Figure 4.1: Schematic diagram showing the experimental setup used to conduct engine experiments 
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A 4-cylinder turbocharged GDI engine with centrally mounted injectors was used for 
engine experiments. A sample of engine exhaust was directed into a solid particle counting system 
(SPCS) to measure engine-out PN. Injector deposits were also quantified by measuring the volume 
of deposit formed on the injector tip using 3D digital microscopy. All engine experiments were 
performed using EPA Tier III premium certification gasoline, which has known and consistent 
properties. In addition, injector tip and fuel temperatures were measured using an instrumented 
GDI fuel injector. These temperatures were used as boundary conditions in the theoretical model.  
4.1 Particulate Number (PN) Measurement 
PN concentration was measured using the solid particle counting system MEXA-
2100SPCS from Horiba, Ltd, where the PN is reported in number per cubic centimeter (#/cm3). 
The SPCS system is based on laser scattering condensation particle counting (CPC) principle, in 
which particles are enlarged by condensation from a nanometer scale to a micrometer scale. The 
enlarged particles are then exposed to a laser beam where the particles cause the light to be 
scattered. From the light scattering theory, the number of particles can be estimated. The SPCS 
system has a lower particle size limit of 23 nm. The CPC principle used in the SPCS system is the 
same principle of operation used for vehicle certification. More information regarding the 
functionality and limitations of this device is found in [66]. 
A sample of engine exhaust (post-turbo) was directed into the SPCS system to measure 
engine-out PN in a 1 Hz data acquisition. The reported PN measurement represents a 30-second 
time average. The exhaust sample fluid was diluted for all engine experiments using a dilution 
ratio of 1500. The temperature of the exhaust at the sampling location was dependent on the 
operating point. Nonetheless, the diluted sample had a temperature of 190 °C for all engine 
experiments. 
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4.2 Volume Measurement of Injector Tip Deposit 
In this work, as engine operated at a steady state operating point, injector deposit formed 
on the tip as time passed. The amount of this deposit, if correlated well with the measured PN, 
would be a good indicator of injector tip wetting at the operating point tested. As a result, trends 
in measured deposit volume can also be used to validate the theoretical model. 
A novel experimental technique, based on 3D digital microscopy, is introduced to quantify 
the amount of deposit on the injector tip, while showing at the same time the deposit’s macroscopic 
morphology and how it differs for various operating conditions and steady state coking times. 
The digital microscope VHX-2000 from Keyence Inc. (Figure 4.2) is capable of 
automatically imaging a user-defined region (2D or 3D), a process called “image stitching”, in 
addition to providing post-processing functions after images are taken.  
 
Figure 4.2: VHX-2000 digital microscope and its components 
The 3D imaging procedure works as follows. First, the user selects “3D Image Stitching” 
option in the microscope computer main screen. Then, the user defines three things: 
(1) The four boundaries of the region to be imaged in the X- and Y- directions (see Figure 4.3). 
This sets the X and Y coordinates of the desired region with respect to the origin (center of 
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camera). Based on these coordinates, the region is divided into a number of pictures (frames) 
in the XY region. The number of frames depend on the lens magnification magnitude and the 
actual XY distance defined by the user. Higher magnification and larger XY distance result in 
larger number of frames. It should be mentioned that the camera is fixed in the X- and Y-
directions, and the motorized stage is the one having motion in the XY plane. 
 
Figure 4.3: 3D coordinates of the injector tip position and the rectangular prism used to enclose a desired 
3D region for volume measurement 
(2) The top and bottom boundaries of the 3D region to be imaged in the Z-direction. This sets the 
Z coordinates of the desired 3D region. The top and bottom boundaries should be selected in a 
way that the camera is able to focus and clearly capture any part of the desired 3D region in its 
corresponding XY plane between the two boundaries.  
(3) A focal depth step, called “pitch”, in the Z-direction. The pitch is defined as the distance 
between any two focused images in the Z-direction. This pitch is used by the camera’s 
motorized focus adjuster to scan through the desired 3D region, from bottom boundary to top 
boundary. The selection of this pitch has a significant effect on the resolution and quality of 
the 3D image. 
Once these options are clearly defined, the user selects “Start Automatic Image Stitching” 
option, which starts the 3D imaging process.  
The way the camera scans through the 3D region is by first moving the motorized stage to 







motorized focus adjuster adjusts the camera’s focus to start from the bottom boundary and then 
scan through the 3D region in the Z-direction to the top boundary, with a step size equals to the 
pitch between each focused image. The number of images in the Z-direction is proportional to the 
number of steps and the minimum and maximum coordinates in the Z-direction. 
After the camera records all images (in Z-direction) in the first frame, the motorized stage 
moves in the X-direction (to the left) so that the next frame can be imaged. The camera’s motorized 
focus adjuster also moves to the bottom boundary to start the imaging process for the new frame 
again. This automatic imaging process scans through each row (X-direction) and column (Y-
direction) until all frames are captured and the full 3D image is constructed (see Figure 4.4). 
 
Figure 4.4: Direction of camera scanning process through the different frames in the XY plane. For each 
frame, the camera scans the 3D space from bottom boundary to top boundary 
The total number of images taken by the microscope for the desired 3D region would be 
Total number of images = number of images in one frame × number of frames in X-direction × 
number of frames in Y-direction 
4.2.1 3D Resolution and Pitch Independence Test 
The selection of the pitch in the Z-direction can have a significant influence on the 
resolution and quality of the 3D image. The smaller the step size, the better the 3D image. For this 
reason, a pitch independence test was performed at X200 magnification to select a pitch value that 
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results in a good quality image with optimal imaging time. The test started with a pitch size of 400 
µm until a pitch of 12 µm. Table 4.1 shows the different pitch sizes used in the pitch independence 
test.  








A coked injector was used in this test and the imaged region used for comparison is shown 
in Figure 4.5. The resulting 3D images for the different step sizes are shown in Figure 4.6. The 
figure shows that the quality of the 3D image improved and better 3D resolution was achieved as 
the step size reduced. For a pitch size of 50 µm and lower, the 3D images were very similar 












 400 µm 200 µm 
 100 µm 50 µm 
 25 µm  12 µm 
Figure 4.6: Quality of the 3D images of the injector region imaged for the different step sizes 
A quantitative comparison was also performed by measuring the absolute volume of the 
imaged region for each step size. A post-processing function provided by the microscope software 
allows the volume to be measured by enclosing a 3D region within a user-controlled rectangular 
prism, as can be seen in Figure 4.3. 
The volume calculation function works based on the fact that the constructed 3D image has 
known coordinates from the previously defined XYZ boundaries. The rectangular prism has also 
known coordinates that change by changing the XYZ planes of the prism. Therefore, the 
intersection between the prism’s planes and any part of the imaged 3D region is known and is used 
to calculate its volume. 
Three trials were performed to measure the volume of the enclosed region shown in Figure 
4.3 for each step size in Table 4.1. The results are summarized in Table 4.2. The results show the 
percentage difference in volume measurement between any two consecutive pitch sizes. In general, 
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the measured volume converged as the step size reduced, with the less than 2% difference in 
volume for pitch size of 50 µm and smaller. Therefore, 50 µm was selected as the optimum pitch 
size for future volume measurement. 
Table 4.2: Percentage difference in volume measurement between each two consecutive step sizes 
Step Size 
Volume Difference [%] 
Trial 1 Trial 2 Trial 3 
400 – 200 31.7 23.5 33.4 
200 – 100 30.7 23.3 30.1 
100 – 50 0.85 1.10 2.13 
50 – 25 1.35 0.95 0.87 
25 – 12 0.50 1.47 0.64 
4.2.2 Uncertainty in Volume Measurement 
Two sources of uncertainty in volume measurement were identified and were added as 
error bar for each measurement point. The sources were the systematic error due to the automatic 
3D image stitching, and the random error due to manually placing the XYZ planes of the 
rectangular prism. In order to assess the first type of uncertainty, the human error had to be isolated. 
This was performed by repeatedly imaging a fixed 3D region (shown in Figure 4.7), and measuring 
the volume for the complete 3D region defined by the XYZ coordinates, eliminating the need to 





Figure 4.7: Fixed volume used to identify the uncertainty in the automatic 3D image stitching  
The region shown in Figure 4.7 was imaged a number of times and its volume was defined 
as 
𝑉𝑎𝑣𝑔 ± 𝜀𝑎 
where 𝑉𝑎𝑣𝑔 is the average volume for all repeated measurements, and 𝜀𝑎 = SD is the automatic 
stitching error, taken as one standard deviation (SD) for the repeated volume measurements. The 




By performing six repeated measurements, the systematic error associated with the 
automatic 3D image stitching was found to be 1.1%. This percentage error was rounded to 2% and 
was added to the total uncertainty in any volume measurement later on.  
The human error was also taken into account in the total uncertainty in volume 
measurement. This type of error was found by performing multiple placements of the XYZ 
reference planes of the prism and recording the measured volume a number of times. The human 
error therefore was calculated as 





where 𝑆𝐷 is one standard deviation for the repeated volume measurements.  
Finally, the total uncertainty in volume measurement that includes both types of error were 
defined as 
𝜀𝑡 = √𝜀𝑎2 + 𝜀ℎ
2 
4.2.3 Volume Estimation of Injector Tip Deposit 
The volume of deposit on a GDI injector tip was approximated by performing volume 
measurements of the injector tip at two different states: a clean injector tip and a coked injector tip 
(see Figure 4.8). The volume of the deposited carbon on the injector tip was then estimated as 
𝑉𝑑𝑒𝑝𝑜𝑠𝑖𝑡 = 𝑉𝑐𝑜𝑘𝑒𝑑 − 𝑉𝑐𝑙𝑒𝑎𝑛 






Figure 4.8: An example of 3D imaging of clean (left) and coked (right) injector tips 
The engine-out PN from injector tip wetting is a result of tip wetting from all cylinders. 


















where 𝑛 is number of cylinders and 𝑉𝑑𝑒𝑝𝑜𝑠𝑖𝑡,𝑐𝑦𝑙(𝑖) and 𝜀𝑑𝑒𝑝𝑜𝑠𝑖𝑡,𝑐𝑦𝑙(𝑖) are the average deposit volume 
and its corresponding uncertainty, respectively, for injector in cylinder 𝑖.  
4.3 Tip and Fuel Temperatures Measurement 
A GDI injector was modified by instrumenting it with two K-type thermocouples for tip 
and fuel temperatures measurements (Figure 4.9). For consistency, this injector was installed in 
the same cylinder (cylinder 1, located farthest from the flywheel) for all engine experiments.  
      
Figure 4.9: Instrumented GDI injector for tip and fuel temperatures measurement. The injector was 
installed in cylinder 1 for all engine experiments 
The exact locations of the sensors are shown in Figure 4.10. The tip temperature sensor 
was placed 0.4 mm below the tip surface and 1.13 mm away from the external sidewall of the 
injector tip. The fuel temperature sensor on the other hand was installed just before the needle ball, 
3.9 mm away from the tip surface. These temperatures were used in the initialization of the tip and 




Figure 4.10: Locations of the tip and fuel temperature sensors in the instrumented GDI injector tip 
4.4 Experimental Test Matrix 
The objective for engine experiments was to perform a systematic variation of the initial 
film mass on tip (after end of injection) for a constant drying time i.e. period from end of injection 
to spark, as well as varying the drying time for a fixed initial film mass. This was achieved by 
varying engine load (characterized by brake mean effective pressure, BMEP) and engine speed. 
Different engine load demand leads to variation in injected fuel mass, which causes the initial film 
mass on injector tip to vary. Different injected fuel mass also leads to different peak gas 
temperatures, directly affecting chamber walls temperature, specifically the injector tip 
temperature. By varying the engine speed on the other hand, the absolute time allowed for fuel 
film evaporation is varied. The variations in engine load and speed lead to different levels of 
engine-out PN and deposit volume formed on the injector tip. Table 4.3 shows the experimental 
test matrix that includes systematic variation of engine load and speed. In particular, the engine 
loads and speeds tested were 6, 10, and 14 bar BMEP, and 1000, 2000, and 3000 RPM, 
respectively. It might be worth mentioning that at 1000 RPM, high loads (above 10 bar BMEP) 
could not be achieved due to the knocking at stoichiometric combustion at low engine speed. The 
remaining of the operating parameters were held constant, according to Table 4.4, at fuel rail 
pressure (pf) of 200 bar, start of injection timing (SOI) of 290 CAD bTDC with reference to power 
storke, engine-out coolant (and oil) temperature (Tc) of 90 °C and single injection mode. These 
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operating parameters were selected for optimized PN emissions, and where tip wetting is the 
dominant PN formation mechanism. The PN optimization was performed by varying the SOI 
timing at any given load, and measuring the PN emissions. The effects of engine operating 
conditions on the different fuel wetting mechanisms have been confirmed using in-situ high speed 
imaging and the images are reported in Fatouraie et al. [67]. 




1000 2000 3000 
6 Test 1 Test 2 Test 3 
10 Test 4 Test 5 Test 6 
14 - Test 7 Test 8 
 
Table 4.4: Operating parameters held constant when varying engine load and speed 
pf [bar] SOI [CAD bTDC] Tc [°C] # Injections 
200 290 90 1 
4.5 Test Procedure 
The test procedure was designed to achieve two objectives. The first objective was to build 
injector deposits that cause minimal PN drift. In this case, the deposits formed on the injector tip 
would be a good indicator of the amount of tip wetting, with minimal influence on engine-out PN 
when operating the engine at the desired operating points in Table 4.3. The measured PN at these 
different conditions should then correlate well with the corresponding measured deposit volume. 
The second objective was to cause variation in engine-out PN at different deposit levels but at the 
same operating point. In this way, the amplification effect of injector deposits on injector tip 
wetting can be observed quantitatively. The specific test procedure is shown as a timeline in Figure 
4.11. The procedure included a steady state engine operation for five hours with intermittent stops 
at certain points in time (hour 1, 3 and 5) for injector tip imaging.  
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Figure 4.11: Timeline of engine test procedure 
4.5.1 Engine Warmup Procedure 
Before the beginning of the test, a set of clean multi-hole GDI injectors was installed in the 
engine at room temperature. The engine was then fired and warmed up for 10-12 minutes at low 
load and speed, i.e. 4 bar BMEP and 1000 RPM. The engine was considered warm when the 
engine-out coolant temperature reached the desired value of 90 °C. PN was recorded every one 
second throughout the warmup period. The engine warmup procedure was repeated every time the 
engine was stopped for injector tip imaging.  
A sample plot of engine-out PN (in logarithmic scale) during engine warmup is shown in 
Figure 4.12. PN is shown as a function of engine-out coolant temperature. The results showed a 
spike in PN emissions during the startup phase, which decreased as the engine became hotter. One 
important feature of the warmup curve is that a stabilized PN level was reached when the engine-
out coolant temperature exceeded 65 °C. Depending on the deposit level formed on the injector 
tip, this stabilized value of PN differed. This allowed the nature of increased tip wetting PN with 
deposit level to be explored in a quantitative manner. Tip and fuel temperatures were also measured 
and were observed to increase with engine-out coolant temperature during engine warmup. A 
sample plot showing both temperatures is given in Figure 4.13. It might be worth mentioning that 
both temperatures reached stabilized values after reaching a coolant temperature of 90 °C, but this 
is not reflected in the figure due to the data logging procedure implemented. 
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Figure 4.12: A sample plot of PN as a function of engine-out coolant temperature during engine warmup. 
Data for 4 bar BMEP and 1000 RPM at time 0 hrs (clean injector tip) 
 
Figure 4.13: A sample plot of tip and fuel temperatures as a function of engine-out coolant temperature 
during engine warmup. Data for 4 bar BMEP and 1000 RPM at time 0 hrs (clean injector tip) 
4.5.2 Injector Coking Procedure 
After engine warmup, the engine was brought to the desired operating point of load and 
speed. The engine operated at this point steadily for the desired amount of time (1 hour after the 
start of the test, 2 hours after the first stop, and 2 hours after the second stop). During the steady 
state operation, the injector tip was coked and carbon deposit formed on the tip. In addition, PN 
was recorded every 5 minutes, and each reported PN represents a 30-second time average. An 
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example plot is shown in Figure 4.14, showing PN emissions as a function of time during the 
coking period. It is observed that PN level stayed within the same order of magnitude for the 
complete coking time of five hours. On the other hand, a sample plot for tip and fuel measurements 
during a coking period is shown Figure 4.15. Consistent temperature measurement is observed in 
general.   
 
Figure 4.14: A sample plot of PN as a function of time during injector coking test. Data for 10 bar BMEP 
and 2000 RPM 
 
Figure 4.15: A sample plot of tip and fuel temperatures as a function of time during injector coking test. 
Data for 10 bar BMEP and 2000 RPM 
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4.5.3 Repeatability 
To ensure the repeatability and consistency of measurements, the warmup procedure and 
coking procedure were repeated three times for 10 bar BMEP and 2000 RPM. Both the stabilized 
PN level at the end of the warmup test (last 60 seconds) and the PN during the coking period were 
found to be repeatable within a percentage error of around 20%, calculated from one standard 
deviation for all measurement points in time. This percentage error is within the expected range of 
deviation in the area of PN measurements for the SPCS. Tip and fuel temperatures on the other 
hand were found to be repeatable within 5%, calculated from one standard deviation. Therefore, 
error bars for PN measurements represent 20% error, while error bars for tip and fuel temperatures, 




Chapter 5 Results and Discussion 
 
This chapter presents the results of the theoretical model and the experimental 
measurements. The correlation results of PN and deposit volume are discussed first, followed by 
the validation of the evaporation model by comparison with experiments. Once validated, the 
evaporation model was used to perform a parametric study for the effect of operating conditions 
on liquid fuel film evaporation on injector tip. Lastly, an attempt was made to relate engine 
operation and calibration parameters to the evaporation time constant, which is the deterministic 
factor influencing the amount of fuel film remaining on the tip at the time of spark. By minimizing 
this factor, PN emissions could then be minimized. 
5.1 PN and Deposit Volume Correlation 
During steady state operation, engine experiments showed that injector tip wetting led to 
deposit formation on the injector tip. These deposits evolved with time during engine operation 
and eventually correlated well with engine-out PN at each varied operating condition (Table 4.3). 
To show this, PN was plotted against deposit volume (Vdeposit) for all operating points in Figure 
5.1. The figure shows the temporal evolution of the PN-Vdeposit correlation, characterized by R
2. 
The improved R2 value with time shows that injector deposits were good indicators of the amount 
of tip wetting for the engine structure and the operating conditions tested. It also shows that injector 
tip wetting was the dominant PN formation mechanism for the operating points selected. 
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Figure 5.1: Temporal evolution of PN-Vdeposit correlation. R
2 is shown (a) after 1 hour, (b) after 3 hours 
and (c) after 5 hours. R2 is observed to improve with time, indicating good one-to-one correlation between 
injector tip wetting (and deposit level) and engine-out PN 
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5.2 Model Validation 
The theoretical model developed in Chapter 3 was validated using two methods. First, the 
model was validated for isobaric evaporation by comparison with evaporation times data from 
literature. The second method involved validating the model during an engine cycle by comparison 
with PN and deposit volume measurements at different operating conditions (Table 4.3). PN and 
deposit volume data after 5 hours of coking time (Figure 5.1c) were used in engine cycle validation.  
5.2.1 Isobaric Evaporation 
Evaporation or drying times data from the work of Karwa et al. [41] were used to validate 
the theoretical model for liquid film evaporation at isobaric conditions i.e. constant system 
pressure. Data existed for two system pressures: 0.8 and 1.0 bar. For each system pressure, 
evaporation time of isooctane in quiescent air was measured at different tip temperatures. The 
specific boundary conditions used in the validation are detailed in Table 5.1. Other conditions were 
held constant at (Table 5.2) initial film mass of 3.44 mg, initial film temperature of 25 °C and air 
temperature of 25 °C.  
Table 5.1: Boundary conditions used in the validation of the evaporation model for isobaric conditions 
System Pressure [bar] 0.8 1.0 







Table 5.2: Boundary conditions held constant when varying the system pressure and tip temperature 
Fuel Isooctane 
Initial Film Mass [mg] 3.44 
Wetted Surface Area 40 – 50 % of HDEV5 Bosch 
injector tip surface area 
Initial Film Temperature [ 
°C] 
25 
Air Temperature [ °C] 25 
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The wetted surface area was approximated as 40 – 50 % of the surface area of HDEV5 
Bosch injector tip. These values were used based on image processing of the snap shots of the 
wetted area, as shown in Figure 5.2. 
 
Figure 5.2: Images of the HDEV5 Bosch injector tip showing (a) dry injector tip, (b) wet injector tip with 
the wetted area shown in black color and (c) difference of wet and dry injector tip images with the wetted 
area shown in white color. The film area shown to covers 40 – 50 % of the injector tip area [41] 
Each operating condition had an evaporation curve similar to the one in Figure 5.3. The 
drying time was defined as the time it took to evaporate 99% of the initial film mass.  
 
Figure 5.3: Evaporation curve from the model showing the exponential decay of film mass during 
evaporation as a function of time. Results are for system pressure of 0.8 bar, injector tip temperature of 80 
°C, and 42 % film area 
Following this procedure, the drying time was calculated for all operating conditions in 
Table 5.1 and the results of comparisons with experimental values are shown in Figure 5.4a and 
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Figure 5.4b for system pressure of 0.8 bar and 1.0 bar, respectively. The error bar in the 
experimental data represents the 95% confidence interval (two standard deviation) calculated from 
30 repeated measurements for one data point, which is system pressure of 1.0 bar and tip 
temperature of 110 °C. The percentage error in this case was 6% and this percentage was extended 
to the other data points. The uncertainty in the model represents the variation in model output due 
to the variation in the surface area (i.e. 40 – 50 %) used in the calculations. In general, a good 
agreement between the experimental values and predictions are observed. The deviation between 
the experimental values and predictions above 110 °C can be owed to the fact that above 110 °C 
the evaporation mechanism is not only controlled by single-phase evaporation, and boiling regime 
had a dominant contribution, as observed by the authors, which is not included in the model. 
However, the trend-wise agreement between experiments and predictions, indicated by the change 
in slope, infers that single-phase evaporation could have a significant contribution during the 




Figure 5.4: Comparison of evaporation times from experiments by Karwa et al versus the evaporation 
model at (a) 0.8 bar system pressure and (b) 1.0 bar system pressure for different injector tip 
temperatures. Good agreement is observed between experiments and predictions. Deviation above 110 °C 
is owed to the contribution of the boiling regime to evaporation, which is not included in the current 
model 
5.2.2 Real Engine Conditions 
Figure 5.5 shows the predicted evaporation curve for 10 bar BMEP and 2000 RPM 
operating point during an engine cycle. The change of film mass on the injector tip is shown as a 
function of crank angle degrees (CAD) from end of injection to spark. The pressure of vapor in 
liquid (predicted) as well as in gas (measured) are also plotted for the same evaporation period. It 
can be seen that mass is removed initially by evaporation until the vapor pressure in gas becomes 
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high enough to cause the molecules to diffuse from the gas to the liquid film, after which mass is 
added by condensation. This result agrees well with the expectation from Eq. 3.3, which describes 
the rate of film mass change as function of the vapor pressure difference in liquid and quiescent 
gas. This is shown in Figure 5.6, where the positive rate indicates evaporation whereas the negative 
rate indicates mass addition by condensation. All other operating points had evaporation curves 
similar to the one in Figure 5.5, and they are shown in Appendix D.  
 
Figure 5.5: Evaporation curve showing film mass on injector tip (calculated from Eq. 3.11) as a function 
of time (shown as CAD) during an engine cycle. Pressures of vapor in liquid as well as in gas are also 





Figure 5.6: Rate of film mass change (calculated from Eq. 3.3) as a function of time (shown as CAD) 
during an engine cycle. Pressures of vapor in liquid as well as in gas are also plotted. Results are for 10 
bar BMEP and 2000 RPM 
The evaporation time constant was also calculated for all conditions and a sample plot is 
shown in Figure 5.7 for 10 bar BMEP and 2000 RPM (complete plots are shown in Appendix D). 
Since conditions are not stationary, the time constant is observed to change with time, in a similar 
manner as the predicted film mass. To define a representative time constant for each operating 






Figure 5.7: Calculated time constant of film on injector tip as a function of time (shown as CAD) during 
an engine cycle. Due to non-stationary conditions, time constant is observed to change with time from end 
of injection to spark time. Pressures of vapor in liquid as well as in gas are also plotted. Results are for 10 
bar BMEP and 2000 RPM 
Condensation of the vaporized fuel on the injector tip in the engine is, however, mostly 
unlikely to happen due to the influence of in-cylinder gas motion. The assumption is that any mass 
evaporated from the liquid film to the gas will be carried away by the gas flow. This assumption 
leads to the determination of the film mass remaining on the tip at time of spark as being the 
minimum predicted mass on the tip in the drying period i.e. from the end of injection to spark. 
Based on this definition, trend-wise comparisons between the predicted film mass at time 
of spark and measured PN were performed for all operating conditions in the experimental test 
matrix (Table 4.3). Figure 5.8 shows a comparison of the line plots for the measured PN and 
predicted film mass as a function of injected fuel mass for the different speeds. Good trend-wise 
agreement is generally observed between the measured PN and predicted film mass at the time of 
spark. The predictive model was able to capture the non-linear behavior of increased PN emissions 






Figure 5.8: Line plots showing PN and predicted film mass at spark time as a function of injected fuel 
mass (i.e. engine load) for (a) 1000 RPM, (b) 2000 RPM and (c) 3000 RPM. Error bars for the model 
represents the variation in model output due to the uncertainty in the measured tip and fuel temperatures 
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A similar comparison between the average time constant and measured PN emissions was 
performed in Figure 5.9. The average time constant is observed to have good trend-wise agreement 
with experimental PN for all engine loads and speeds. This shows that the average time constant 
is a good measure of how much fuel film evaporates and affects PN in the tip wetting dominant 






Figure 5.9: Line plots showing PN and calculated average time constant as a function of injected fuel 
mass (i.e. engine load) for (a) 1000 RPM, (b) 2000 RPM and (c) 3000 RPM. Error bars for the model 
represents the variation in model output due to the uncertainty in the measured tip and fuel temperatures 
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Quantitative correlations between predicted film mass and both measured PN and deposit 
volume were also calculated. Data from Figure 5.1c was used for the comparison. The correlation 
results are shown in Figure 5.10 for measured PN versus predicted film mass and in Figure 5.11 
for measured deposit volume versus predicted film mass. Overall, the high R2 value indicates good 
one-to-one correlation between predictions and experiments. 
 
Figure 5.10: Quantitative correlation between measured PN and predicted film mass at spark time. Error 
bars for the model represents the variation in model output due to the uncertainty in the measured tip and 
fuel temperatures 
 
Figure 5.11: Quantitative correlation between measured deposit volume and predicted film mass at spark 
time. Error bars for the model represents the variation in model output due to the uncertainty in the 
measured tip and fuel temperatures 
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The correlation in Figure 5.10 could also be used to infer an estimate of the contribution of 
tip wetting to the total PN emissions. The equation fitted in Figure 5.10 has the form 
𝑃𝑁[#/cm3] = 9 × 107𝑚𝑡𝑖𝑝@𝑠𝑝𝑎𝑟𝑘[mg] + 88791 … (5.1) 
At 𝑚𝑡𝑖𝑝@𝑠𝑝𝑎𝑟𝑘 = 0, 𝑃𝑁 = 88791 #/cm
3. This PN value represents the particulate emissions from 
all other sources of PN, which are assumed constant for all conditions tested. Now, if this PN value 
is subtracted from the total PN calculated using Eq. 5.1 for all other conditions, the PN due to tip 
wetting could be estimated. In other words 
Tip Wetting 𝑃𝑁 [#/cm3] = Total 𝑃𝑁 [#/cm3] − 88791 … (5.1) 
The results of such analysis are shown in Table 5.3. The table shows that PN due to tip 
wetting contributed up to 95 % of the total PN emissions at high engine loads. 











RPM bar mg #/cm3 #/cm3 % 
1000 6 2.38 x 10-16 8.879 x 104 0.000 0.00 
1000 10 2.83 x 10-09 8.879 x 104 0.250 0.00 
2000 6 1.48 x 10-13 8.879 x 104 0.000 0.00 
2000 10 7.09 x 10-06 8.943 x 104 638.0 0.71 
2000 14 0.003860 4.362 x 105 3.474 x 105 79.6 
3000 6 7.18 x 10-10 8.879 x 104 0.060 0.00 
3000 10 0.000672 1.492 x 105 6.045 x 104 40.5 
3000 14 0.016653 1.588 x 106 1.499 x 106 94.4 
5.2.3 Sensitivity Analysis 
In the calculation procedure presented in Chapter 3, the initial film mass and wetted surface 
area were assumed based on previous experimental observations in literature [11]. It is desired, 
however, to investigate how sensitive the results and correlations are to these assumptions. For 
that, a sensitivity analysis was performed by varying the initial film mass from 0.05% to 0.15% 
with increment of 0.025% of injected fuel mass at 10 bar BMEP. The wetted surface area was also 
varied from 2.0 to 3.0 mm2 with 0.25 mm2 increment. This is summarized in Table 5.4, with initial 
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film mass of 0.1% of injected fuel mass held constant when varying the wetted surface area and, a 
surface area of 2.5 mm2 held constant when varying the initial film mass.  
Table 5.4: Variations in assumed parameters used in the sensitivity analysis 
Initial Film Mass 
[% of Injected Fuel Mass] 








The R2 value for all cases were calculated and the results are shown in Figure 5.12 for the 
effect of initial film mass variation and in Figure 5.13 for the effect of wetted surface area variation. 
It is understood that R2 is usually used with much higher number of data points, but it is used in 
this case to give an estimate of the correlations. In general, high correlations (above 80%) can be 
noticed for all cases. R2 was, however, less sensitive to the wetted surface area, compared to the 
initial film mass. The highest R2 was found to be for the condition with initial film mass of 0.1% 




Figure 5.12: Sensitivity analysis results showing R2 as a function of initial film mass. Results are for 
correlations between (a) measured PN and predicted film mass, and (b) measured deposit volume and 





Figure 5.13: Sensitivity analysis results showing R2 as a function of wetted surface area. Results are for 
correlations between (a) measured PN and predicted film mass, and (b) measured deposit volume and 
predicted film mass. R2 is observed to be less sensitive to the wetted area than the initial film mass 
5.3 Parametric Study 
During the intake stroke, the variation in the calculated in-cylinder gas temperature 
between all conditions tested was found to have negligible effect on the results, meaning that if 
the average in-cylinder gas temperature for all conditions was used for the analysis of each 
operating point, the conclusions would be the same (see Appendix E). This gives us the opportunity 
to perform a wider parametric study to investigate the effect of the initial and boundary conditions 
on liquid film evaporation on injector tip using the average in-cylinder gas temperature. 
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Table 5.5 shows the parameters that were varied in this parametric study. Specifically, the 
varied parameters were: initial film mass (mfilm,i, based on BMEP), wetted surface area (A), tip 
temperature (Ttip), initial film temperature (Tfilm,i), start of injection timing (SOI) and engine speed 
(N). When varying each parameter, all other parameters were fixed at the baseline condition, which 
is mfilm,i of 0.1% (of injected fuel mass at 10 bar BMEP), A of 2.5 mm
2, Ttip of 150 °C, Tfilm,i of 90 
°C, SOI of 290o bTDC and engine speed of 2000 RPM. For each condition, the film mass on 
injector tip at the time of spark and the average time constant were calculated and were normalized 
by the baseline condition. In this way, an order of magnitude comparison could be performed. 
Table 5.5: Initial and boundary conditions varied for the parametric study. The baseline conditions is 













6 2.00 120 60 260 1000 
8 2.25 135 70 270 1500 
10 2.50 150 80 280 2000 
12 2.75 165 90 290 2500 
14 3.00 180 100 300 3000 
 
The influence of each parameter is discussed in terms trend-wise effect on the predicted 
film mass at the time of spark and the order of magnitude change in predicted film mass caused by 
the systematic variation of the parameter within the range tested. 
5.3.1 Effect of Initial Film Mass 
The effect of initial film mass after end of injection on liquid fuel film evaporation on the 
injector tip is shown in Figure 5.14. It can be seen that with the linear increase in initial film mass, 
the remaining film mass on the injector tip increased in an exponential manner. This result in fact 
agrees well with current and previous experimental observations of exponential increase in PN 
emissions with injected fuel mass i.e. engine load [32]. A similar trend can be observed for the 
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average time constant. In general, varying the initial film mass resulted in more than an order of 
magnitude change in the predicted film mass at spark. 
 
 
Figure 5.14: Effect of initial film mass after injection on (a) the predicted film mass at the time of spark 
and (b) the average time constant for the period: end of injection to spark. A = 3 mm2, Ttip = 150 °C, Tfilm,i 
= 90 °C, SOI = 290o bTDC and N = 2000 RPM 
5.3.2 Effect of Wetted Surface Area  
The influence of the wetted surface area on the predicted film mass at the time of spark and 
the average time constant can be seen in Figure 5.15. Higher wetted area for the same initial film 
mass allowed more heat transfer from the tip to the liquid film, which increased the evaporation 
and reduced the film mass on the tip at the time of spark in an exponential manner. The variation 
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in the wetted surface area in Figure 5.15 led to an order of magnitude reduction in the predicted 
film mass remaining on the injector tip. 
 
Figure 5.15: Effect of wetted surface area on (a) the predicted film mass at the time of spark and (b) the 
average time constant for the period: end of injection to spark. mfilm,i = 0.1% of injected fuel mass at 10 
bar BMEP, Ttip = 150 °C, Tfilm,i = 90 °C, SOI = 290o bTDC and N = 2000 RPM 
5.3.3 Effect of Tip Temperature 
The tip temperature also showed an order of magnitude reduction in the predicted film 
mass at the time of spark in a similar trend as the wetted surface area as can be seen in Figure 5.16. 
The tip temperature had a direct influence on the liquid vapor pressure, which directly influenced 




Figure 5.16: Effect of injector tip temperature on (a) the predicted film mass at the time of spark and (b) 
the average time constant for the period: end of injection to spark. mfilm,i = 0.1% of injected fuel mass at 
10 bar BMEP, A = 3 mm2, Tfilm,i = 90 °C, SOI = 290o bTDC and N = 2000 RPM 
5.3.4 Effect of Initial Film Temperature 
As shown in Figure 5.17, the initial film temperature had a smaller effect on the predicted 
film mass at the time of spark compared to the aforementioned parameters. The average time 




Figure 5.17: Effect of initial film temperature on (a) the predicted film mass at the time of spark and (b) 
the average time constant for the period: end of injection to spark. mfilm,i = 0.1% of injected fuel mass at 
10 bar BMEP, A = 3 mm2, Ttip = 150 °C, SOI = 290o bTDC and N = 2000 RPM 
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5.3.5 Effect of Drying Time 
The available time for tip drying, affected by engine speed and start of injection timing, 
showed a reduction influence on the predicted film mass at the time of spark and the average time 
constant as seen in Figure 5.18. As the absolute drying time increased, the predicted film mass at 
time of spark and the average time constant decayed exponentially. This exact trend was observed 
in previous work [32], which showed the decay in measured PN as a function of drying time (for 
different engine speeds and start of injection timings). In the range considered in Figure 5.18, the 
drying timescale resulted in an order of magnitude change in the predicted film mass at spark. 
The closely matched trends between model predictions and current as well as previous 
experimental measurements of PN emissions show high potential to use the model to develop 





Figure 5.18: Effect of drying time (affected by engine speed and SOI) on (a) the predicted film mass at 
the time of spark and (b) the average time constant for the period: end of injection to spark. mfilm,i = 0.1% 
of injected fuel mass at 10 bar BMEP, A = 3 mm2, Ttip = 150 °C, and Tfilm,i = 90 °C. Lower engine speeds 
and early injections lead to longer drying times 
5.4 Relating Engine Operation and Calibration Parameters to the Evaporation Time 
Constant for Reduced PN Emission 
Figure 5.9 showed that the time constant, described by Eq. 3.21, captured the physical trend 
in PN emissions in a similar manner to the predicted film mass at the time of spark (Figure 5.8). 
The study in Section 5.3 highlighted the effect of the different initial and boundary conditions on 
the average time constant. Understanding the variability in the average time constant was 
important because it will be reflected on the variation of PN emissions due to tip wetting. The next 
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step would be to relate the changes in initial and boundary conditions to changes in engine 
operation and calibration parameters. 
The evaporation time constant equation (Eq. 3.21 or 3.22) shows that the time constant 
reduces with reduced film thickness, ambient gas pressure, net molecular weight, and initial film 
mass. On the other hand, the time constant reduces with increased wetted surface area, diffusion 
coefficient, gas temperature, and liquid vapor pressure of the film. The effect of some of these 
parameters were investigated in the parametric study in Section 5.3.  
An attempt is made here to relate the previous parameters to changes in engine hardware 
and calibration and suggest methods to reduce tip wetting PN. The film thickness could be reduced 
and wetted surface area could be increased by means of material selection and surface finish of the 
injector tip. Smooth surfaces have the potential to result in higher wetting areas and smaller film 
thicknesses, which both result in better evaporation and lower PN. 
The initial film mass after injection on the other hand depends to a high extent on the 
injector design, operating conditions and fuel flow conditions. Large reductions in tip wetting had 
been achieved in the past through changes in injector pre-hole and valve seat designs, which 
influenced how the fuel flows through the injector nozzle, onto the pre-hole and eventually 
depositing on the external surface of the injector tip. However, these reductions are not going to 
be enough in the near future and better understanding is needed on how the other injector design 
parameters, e.g. the ratio of nozzle hole length to hole diameter, affect the initial film mass on the 
injector tip.  
The diffusion coefficient is a function of gas temperature and pressure, and fuel vapor 
properties. Based on the diffusion coefficient equation (Eq. 3.12), the diffusivity increases with 
gas temperature, and in contrast, decreases with gas pressure. In an engine cycle, both gas 
temperature and pressure increase from end of injection to spark. Nonetheless, the influence of 
 90 
increasing the gas pressure outweighs the influence of increasing the gas temperature, resulting 
eventually in reduced diffusivity during the compression stroke. This can be seen in Figure 5.19 
for the case of 10 bar BMEP and 2000 RPM. Therefore, lower intake pressures would seem 
appropriate to achieve better diffusivity and evaporation. However, this is impractical, and higher 
or boosted intake pressures are normally desirable to achieve better thermal efficiency. This 
imposes a practical limitation on this parameter as a potential degree of freedom. In terms of fuel 
properties, the selection of the fuel has also a direct impact on the diffusivity coefficient. It is 
generally desired to use a fuel with better mass diffusivity characteristics. 
 
Figure 5.19: Calculated diffusion coefficient as a function of time (shown as CAD aTDC) during an 
engine cycle. Pressures of vapor in liquid as well as in gas are also plotted. Results for 10 bar BMEP and 
2000 RPM 
Increasing liquid vapor pressure by means of increasing tip temperature, results in better 
evaporation and reduced time constant. Increasing the tip temperature could be achieved through 
protruding the injector tip into the combustion chamber. An external heater could also be used to 
heat up the injector body, which results in increasing the tip temperature. Lower net molecular 
weight on the other hand results in reduced time constant as shown by Eq. 3.22. However, this 
property is not independent from all other fuel properties that affect the evaporation. For example, 
ethanol has lower molecular weight (46.07 g/mol) compared to EPA Tier III premium certification 
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gasoline (114.22 g/mol). Thus, ethanol would seem to be a better choice for increased evaporation 
than EPA Tier III premium certification gasoline. However, ethanol has much lower liquid vapor 
pressure than gasoline (5.95 kPa versus 62.5 kPa at standard temperature and pressure) [68], which 
makes ethanol more difficult to evaporate than gasoline. The combined effect of all fuel properties 
in Eq. 3.22 should be investigated to better understand how the choice of fuels influence film 
evaporation on injector tip.  
5.5 Effect of Injector Tip Deposit on PN Emission 
It is desired to explore the behavior of increased tip wetting PN with injector tip deposit. 
For that, stabilized PN at the end of the warmup procedure at 4 bar BMEP and 1000 RPM was 
recorded and plotted against the corresponding deposit level at which PN was stabilized. The 
different deposit levels were formed as a result of the coking procedure at different coking times 
and conditions. The results of such graph are shown in Figure 5.20. It is generally observed that 
deposit level amplified the tip wetting behavior, despite the fact that the same amount of fuel mass 
was injected in each case. 
 
Figure 5.20: Measured stabilized PN at the end of the warmup procedure as a function of deposit level at 
4 bar BMEP and 1000 RPM operating point 
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There could be a number of reasons for the tip wetting amplification behavior. First, the 
deposit might have a rougher surface than the original clean tip surface. The increased roughness 
might lead in decreased wetted surface area and increased film thickness. In addition, the tip 
deposit might act as a sponge, absorbing more fuel during injection, and resulting in increased 
initial film mass after EOI. The macroscopic morphology of these sponge-like deposits can be 
observed in Figure 5.21 for 10 bar BMEP operating load. It can be seen that as the drying timescale 
reduced (by increasing engine speed) and the coking time increased, deposit level increased. Tip 
deposits could also reduce the evaporation rate of the fuel film due to the insulating and porous 
nature of carbon deposits. 
 
Figure 5.21: Macroscopic morphology of injector tip deposit at different engine speeds and steady state 
coking times at 10 bar BMEP. Images are for injector installed in cylinder 1 (cylinder farthest from the 
flywheel) 
  









Chapter 6 Conclusions and Future Outlook 
6.1 Summary 
The reported particulate number levels for vehicles equipped with gasoline direct-injection 
engines in many studies between 2009 and 2017 were within 6 × 1011 and 2 × 1013 particles/km 
[29,69,70]. Current particulate number standards in Europe limits the PN to 6 × 1011 particles/km 
[7], and the same limit must be met by 2020 in China [8]. Identifying and mitigating the sources 
of PN emissions for gasoline direct-injection engines is therefore critical to meet the challenging 
future emissions targets. Among the different sources, injector tip wetting has been identified as a 
significant source of particulate number emissions in regions where tip wetting is the dominant 
PN formation mechanism. In the tip wetting dominant regions studied in this work (where other 
sources of PN were less significant and kept constant), tip wetting contributed up to 95 % of the 
total PN emissions. Thus, eliminating tip wetting as a source of particulates would contribute 
significantly to meeting future limits.  
This dissertation developed an analytical model for liquid film evaporation on the fuel 
injector tip for the mitigation of injector tip wetting as a source of particulates in GDI engines. The 
physical model explains theoretically how fuel films on the injector tip evaporate with time from 
end of injection to spark. The model takes into consideration engine operating conditions, such as 
engine speed, engine load, tip temperature, fuel temperature, gas temperature and pressure, and 
fuel properties. The model was able to explain for the first time the observed trends in particulate 
emissions due to injector tip wetting. Engine experiments were leveraged to validate the theoretical 
model by correlating the predicted film mass at the time of spark to PN emissions and tip deposit 
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volume measurements at different operating conditions. A novel technique for measuring the 
volume of deposit on injector tip based on 3D digital microscopy was developed for this purpose. 
In addition, an evaporation time constant was defined and was also found to correlate well with 
the measured PN. 
6.2 Conclusions 
The key findings of this research are listed below. 
 The liquid film evaporation on the injector tip follows a first order, asymptotic behavior. 
This exponential nature of the tip drying has a direct impact on the amount of film mass 
remaining on the injector tip at the time of spark. PN emissions have always been observed 
to increase in an exponential manner with injected fuel mass, i.e. engine load. It was 
originally hypothesized that the initial film mass after end of injection increased 
exponentially with engine load, hence the exponential increase in PN. However, the model 
results showed that as the initial film mass after end of injection increased linearly with 
injected fuel mass, the film mass at the time of spark increased in an exponential manner. 
Similarly, the observed exponential decay in PN with drying timescale for different engine 
speeds and start of injection timings was also explained by the model, where the predicted 
film mass at the time of spark decayed exponentially with the absolute drying time. 
Consequently, it is concluded that injector tip wetting increases linearly with injected fuel 
mass. 
 Most of the injector’s initial and boundary conditions studied had a significant effect (more 
than an order of magnitude change) on liquid film evaporation on the injector tip in the 
range of conditions studied. These parameters include the initial film mass, the surface area 
of the wetted film, the injector tip temperature and the available time for tip drying. The 
initial film temperature had the least effect on film mass evaporation. 
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 An evaporation time constant equation was defined, which can be minimized for better 
evaporation and lower PN emissions. The minimization of this time constant, as shown by 
its equation, could be achieved by reducing the film thickness, the gas pressure, the net 
molecular weight of fuel and air and the initial film mass after end of injection. The time 
constant can also be reduced by increasing the wetted surface area, the diffusion 
coefficient, the gas temperature, and the liquid vapor pressure of the film. Injector 
manufacturers can use this information to maximize liquid film evaporation by correlating 
these variables to changes in hardware and calibration. 
6.3 Future Outlook 
In addition to understanding of the film evaporation process from end of injection to the 
spark time, complete elimination of injector tip wetting as a source of particulate emissions 
requires also understanding of the liquid film formation process during injection. The development 
of a theoretical model for liquid film formation from start to end of injection, which is a function 
of injector design, operating conditions and fuel flow conditions, would help achieve that goal. 
The model developed in this study showed, through correlating the predicted film mass to 
measurements of PN emissions, injector tip drying is an essential process, which can utilized to 
mitigate particulate emissions due to injector tip wetting. The model could be extended to study 
other fuel impingement mechanisms and liquid film geometries in internal combustion engines, 
such as liquid films on piston crown and/or liner walls. This would significantly improve the 
understanding of the evaporation processes for better management and mitigation of these liquid 
films, which are the major contributors to particulate emissions under certain operating conditions. 
The current theoretical model had a limitation where the effect of in-cylinder gas motion 
was not included in the evaporation equation. In-cylinder gas flow will result in non-equilibrium 
conditions at the liquid-gas interface, changing conditions of the partial pressure of the vapor in 
 96 
the gas affecting evaporation. This effect was compensated for in the current model by assuming 
no condensation and using the minimum predicted mass as the film mass at time of spark. The 
model, however, could be improved by including the influence of in-cylinder gas motion in the 
evaporation equation. This would improve the understanding of the in-cylinder gas motion effects 
on evaporation, especially at high engine speeds. 
The effects of some initial and boundary conditions have been highlighted in this study, 
and the wetted surface area was shown to be the most influential parameter affecting liquid film 
evaporation on injector tip. Understanding of the effect of tip surface properties, such as surface 
roughness and surface material, on the wettability behavior of fuel films would be crucial to 
maximizing the wetted area and reducing particulate emissions due to tip wetting. In a similar 
manner, raising injector tip temperature was found to be important in reducing particulate 
emissions. Finding ways to heat up injector body and raise the injector tip temperature would be 
very beneficial in mitigating particulates due to tip wetting. 
Injector deposit was shown to cause amplification of injector tip wetting, increasing the 
total particulate emissions, i.e. PN drift. The mitigation of the amplification behavior could be 
achieved by either understanding the physical mechanisms at which injector tip deposit causes PN 
drift or by understanding and minimizing the growth of the deposit layer on the injector tip. 
Fundamental experiments of liquid droplets on injector tip surfaces with and without carbon 
deposit could be performed to understand the wettability behavior and sponge-like effect of 
injector deposit. The mitigation of the deposit growth on the other hand could be achieved by 
modeling the carbon deposit formation process as a fouling problem, which will enable better 








Appendix A Fuel and Gas Properties 
A.1 Lennard-Jones Potentials 
Table A.1 lists the characteristic Lennard-Jones lengths and energies for a number of pure 
substances [71]. 
Table A.1: Lennard-Jones potentials determined from viscosity data [71] 
Symbol Substance σ [Å] 𝜺/k [K] 
Air Air 3.711 78.6 
CH4 Methane 3.758 148.6 
CO Carbon monoxide 3.69 91.7 
CO2 Carbon dioxide 3.941 195.2 
C2H2 Acetylene 4.033 231.8 
C2H4 Ethylene 4.163 224.7 
C2H6 Ethane 4.443 215.7 
C2H5OH Ethanol 4.53 362.6 
C3H8 Propane 5.118 237.1 
n-C4H10 n-Butane 4.687 531.4 
n-C5H12 n-Pentane 5.784 341.1 
H2 Hydrogen 2.827 59.7 
N2 Nitrogen 69.143.798 71.4 
O2 Oxygen 3.467 106.7 
A.2 Thermal Properties of Isooctane 
The thermal properties of isooctane used in the analysis are summarized in Table A.2. In 
general, the properties were taken from NIST, unless the source is mentioned otherwise. 
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Table A.2: Thermal properties of isooctane used in the analysis. Properties are taken at 90 °C and 
atmospheric pressure. Source: NIST, unless otherwise mentioned 
Property Symbol Unit Magnitude 
Molecular Weight M̅ g/mol 114.23 
Heat of Vaporization ∆Hvap kJ/mol 31.675 
Density ρ Kg/m3 679.10 
Thermal Conductivity 
(Liquid) [72] 
k W/m-K 0.0803 
Specific Heat (Liquid) [73] cp J/kg-K 2331.9 
Critical Temperature Tc K 543.90 
Critical Molar Volume vc cm
3/g-mol 468.00 
Critical Pressure pc bar 25.700 
First Antoine Constant A - 3.93679 
Second Antoine Constant B - 1257.84 






Appendix B MATLAB Code 
A MATLAB script has been written (in MATLAB R2016b on Microsoft Windows 10 
Enterprise) to implement the solution algorithm discussed in Chapter 3. 
 
% This script describes how fuel film on injector tip evaporates with time 
% in an engine cycle. In-cylinder gas temperature (approximated from 
% in-cylinder gas pressure) is required for calculations. 
  




% Import in-cylinder pressure and temperature data 
CAD = xlsread('Pressure and Temperature Data.xlsx','Pressure','A1:A10000'); 
%Crank angle recorded experimentally [CAD] 
CAD_T = xlsread('Pressure and Temperature Data.xlsx','CAD-
Temperature','A1:H10000'); %Crank angle from gas temperature calculation 
[CAD] 
p = xlsread('Pressure and Temperature 
Data.xlsx','Pressure','B1:I10000')*100000; %Measured in-cylinder gas pressure 
(average of 300 cycles) [Pa] 
T_g = xlsread('Pressure and Temperature 
Data.xlsx','Temperature','A1:H10000'); %In-cylinder gas temperature 
calculated from BeCAT [K] 
 
% Interpolate in-cylinder gas temperature to match the size of pressure 
nanx = isnan(T_g); 
T = zeros(size(p,1),size(p,2)); 
for i = 1:size(p,2) 
    x = CAD_T(:,i); 
    y = T_g(:,i); 
    T(:,i) = interp1(x(~nanx(:,i)),y(~nanx(:,i)),CAD,'spline','extrap'); 
end 
  
% Import measured PN and deposit volume data 
PN = xlsread('PN and Deposit Volume Data.xlsx','Sheet1','P3:P10000'); 
%Particle number [#/cm^3] 
PN_err = xlsread('PN and Deposit Volume Data.xlsx','Sheet1','Q3:Q10000'); 
%Particle number error [deg] 
V_dep = xlsread('PN and Deposit Volume Data.xlsx','Sheet1','N3:N10000'); 
%Deposit volume [mm^3] 
V_dep_err = xlsread('PN and Deposit Volume Data.xlsx','Sheet1','O3:O10000'); 
%Deposit volume error [deg] 
  
% Import operating conditions 
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RPM = xlsread('Boundary Conditions.xlsx','Sheet1','A3:A10000')'; %Engine 
speed [RPM] 
BMEP = xlsread('Boundary Conditions.xlsx','Sheet1','B3:B10000')'; %Engine 
load [bar] 
IFM = xlsread('Boundary Conditions.xlsx','Sheet1','C3:C10000')'; %Injected 
fuel mass [mg] 
Tw = xlsread('Boundary Conditions.xlsx','Sheet1','D3:D10000')'+273.15; %Tip 
temperature [K] 
Ti = xlsread('Boundary Conditions.xlsx','Sheet1','E3:E10000')'+273.15'; 
%Initial film temperature [K] 
EOI = xlsread('Boundary Conditions.xlsx','Sheet1','F3:F10000')'; %End of 
injection timing [CAD bTDC] 
SPA = xlsread('Boundary Conditions.xlsx','Sheet1','G3:G10000')'; %Spark 
timing [CAD bTDC] 
 
%% Fuel and Air Properties 
T90 = 162.5+273.15; %90 percent distillation temperature of Tier 3 at 
standard pressure [K] 
HOV = 31675; %Heat of vaporization of Tier 3 (isooctane) for 100+ degC 
[J/mol] 
p0 = 101325; %Standard pressure [Pa] 
R = 8.314; %Ideal gas constant [J/mol-K] 
k = 0.0803; %Thermal conductivity of isooctane [W/m-K] 
rho = 679.1; %Density of Tier 3 at 90C [kg/m3] 
cp = 2331.9; %Specific heat of isooctane [J/kg-K] 
mw_a = 18.01528E-3; %Average molecular weight of air [kg/mol] 
mw_f = 0.11422; %Average molecular weight of Tier 3 [kg/mol] 
T_c = 543.9; %Critical temperature of isooctane [K] 
v_c = 468; %Critical molar volume of isooctane [cm^3/g-mol] 
p_c = 25.7; %Critical pressure of isooctane [bar] 
  
% Calculation of the boiling point of liquid film 
BP = (T90./(1-((R*T90/HOV).*log(p./p0)))); %Fuel boiling temperature as a 
function of in-cylinder pressure based on T90 [K] 
Delta_T = Tw - BP; %Tip superheat [K] 
  
% Diffusion coefficient parameters 
z_c = p_c*100000*v_c/1000000/R/T_c; %Compressibility factor of isooctane 
sigma_f = 0.1866*v_c^(1/3)*z_c^(-6/5); %Collision diameter (Lennard-Jones 
length) of isooctane [Å] 
sigma_a = 3.711; %Collision diameter of air [Å] 
sigma = (sigma_a+sigma_f)/2; %Net Lennard-Jones length 
epsilon_a = 78.6; %Energy of interaction (Lennard-Jones energy) of air 
(epsilon/k_B) 
epsilon_f = 0.424*T_c*v_c/sigma_f^3; %Energy of interaction of isooctane 
(epsilon/k_B) 
epsilon = sqrt(epsilon_a*epsilon_f); %Net Lennard-Jones energy 
mw_t = 2*(1/(mw_f*1000)+1/(mw_a*1000))^(-1); %Net molecular weight (M_AB) 
p_bar = p/100000; %Ambient (in-cylinder) pressure in bar, which is the unit 
used in the diffusion equation 
  
%% Quasi-Steady Assumption Solution Method 
  
% Defining initial film mass and wetted surface area 
Mf = IFM*0.1/100*1E-6; %Initial film mass on tip after EOI [kg] (% of 
injected fuel mass) 
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slope = (Mf(5)-Mf(3))/(BMEP(5)-BMEP(3)); %Slope of the linear curve of 
initial film mass vs. load 
A_6bar = 2E-6; %Assumed surface area of evaporation for 6 bar [m^2]. For 10 
and 14 bar, A is automatically calculated based on "slope" 
y_int = A_6bar-slope*BMEP(1); %Y-intercept for the linear curve for A vs. 
load 
A = slope*BMEP+y_int; %Surface area of evaporation [m^2](assuming a 
cylindrical liquid film) 
Vl0 = Mf/rho; %Initial film volume [m^3] 
L0 = Vl0./A; %Initial film thickness [m] 
 
% Changing engine time from CAD to seconds (t = 0 @ EOI) 
n = length(CAD); 
n0 = length(RPM); 
t = zeros(n,n0); 
dt = zeros(n0,1); 
for i = 1:n0 
    t(:,i) = (CAD-EOI(i))/6/RPM(i); %Engine time [s] 
    dt(i,1) = t(n,i) - t(n-1,i); 
end 
 
% Solving eqs. for the complete time domain 
Tl = zeros(n,n0); 
pv = zeros(n,n0); 
V = zeros(n,n0); 
T_star = zeros(n,n0); 
omega = zeros(n,n0); 
D = zeros(n,n0); 
M = zeros(n,n0); 
Vl = zeros(n,n0); 
L = zeros(n,n0); 
tau_c = zeros(n,n0); 
M_l = zeros(n,n0); 
L_l = zeros(n,n0); 
for j = 1:n0 
    for i = 1:n 
        Tl(i,j) = Tw(j)+(Ti(j)-Tw(j))*exp(-k*t(i,j)/(rho*(L0(j)-
L(i,j))^2*cp)); %Liquid temperature [K] 
        pv(i,j) = 10^(3.93679-(1257.84/(Tl(i,j)-52.415)))*100000; %Liquid 
vapor pressure of isooctane calculated from Antoine Eq. for temps > 25C [Pa] 
        V(i,j) = R*T(i,j)*Mf(j)/(pv(i,j)*mw_f); %Vapor volume [m^3] 
        T_star(i,j) = T(i,j)/epsilon; 
        omega(i,j) = 
real(1.06036/(T_star(i,j)^(0.1561))+0.193/exp(0.47635*T_star(i,j))+1.03587/ex
p(1.52996*T_star(i,j))+1.76474/exp(3.89411*T_star(i,j))); %Collision integral 
        D(i,j) = 
real(0.00266*T(i,j)^(3/2)/(p_bar(i,j)*mw_t^(1/2)*sigma^2*omega(i,j))/10000); 
%Diffusion coefficient [m^2/s] 
        M(i,j) = Mf(j)*(1-exp(-A(j)/(L0(j)-L(i,j))*D(i,j)/V(i,j)*t(i,j))); 
%Evaporated mass 
        Vl(i,j) = M(i,j)/rho; %Lquid film volume removed by evaporation [m^3] 
        L(i,j) = Vl(i,j)/A(j); %Liquid film thickness removed by evaporation 
[m] 
        tau_c(i,j) = Mf(j)*(L0(j)-
L(i,j))/(A(j)*D(i,j))*R*T(i,j)/(mw_f*pv(i,j)); %Evaporation time constant [s] 
    end 
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    M_l(:,j) = Mf(j) - M(:,j); %Liquid film mass remaining on tip [kg] 




% Injector tip conditions at time of spark assuming no condensation and 
tumble gas flow is to remove any evaporated vapor 
M_tip = zeros(n0,1); 
L_tip = zeros(n0,1); 
Tl_tip = zeros(n0,1); 
tau_tip = zeros(n0,1); 
DT = zeros(n0,1); 
 
for i = 1:n0 
    ind1 = find(CAD==EOI(i)); 
    ind2 = find(CAD==SPA(i)); 
    DT(i) = (SPA(i)-EOI(i))/6/RPM(i)*1000; %Drying time [ms] 
    M_tip(i) = min(M_l(ind1:ind2,i))*1000000; %Fuel film thickness @ SPA [mg] 
    L_tip(i) = min(L_l(ind1:ind2,i))*1000; %Fuel film thickness [mm] 
    Tl_tip(i) = min(Tl(ind1:ind2,i))-273.15; %Fuel film temperature [deg C] 







Appendix C Repeatability Analysis 
To ensure the consistency and integrity of the experimental setup and measurement 
systems, the warmup and coking tests was repeated three times for 10 bar BMEP and 2000 RPM.  
C.1 Repeatability of Warmup Test 
Figure C.1 shows the measured PN for the three warmup trials at time 0 hrs (clean injector 
tip). Good repeatability is observed, where the peak PN was similar as well as once the engine-out 
coolant temperature exceeded 60 °C, all trials converged to the same PN level. The stabilized PN 
in the last 60 seconds was found to be repeatable within 20% error, calculated from one standard 
deviation. 
 
Figure C.1: Repeatability of PN measurement for the warmup procedure at time 0 hrs. Results for 4 bar 
BMEP and 1000 RPM 
Figure C.2 shows the three trials for the measured tip and fuel temperatures at time 0 hrs. 
The measurement of tip and fuel temperatures was found to be repeatable within 5% error, 
calculated from one standard deviation. 
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Figure C.2: Repeatability of tip and fuel temperatures measurement for the warmup procedure at time 0 
hrs. Results for 4 bar BMEP and 1000 RPM 
C.2 Repeatability of Coking Test 
Figure C.3 shows the measured PN for the three trials of the coking test. The tests were 
also found to be repeatable within 20% error. This error is expected when using the SPCS for 
particle counting. 
 
Figure C.3: Repeatability of PN measurement for the coking procedure. Results for 10 bar BMEP and 
2000 RPM 
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Figure C.4 shows the repeated measurements for the tip and fuel temperatures for the 
coking test. These measurements also show good repeatability, within the same percentage error 
of 5%. 
 
Figure C.4: Repeatability of tip and fuel temperatures measurement for the coking procedure. Results for 




Appendix D Evaporation Curves 
Shown here are the complete evaporation curves, i.e. the predicted film mass and 








Figure D.2: Change of film mass during an engine cycle for 2000 RPM and (a) 6 bar, (b) 10 bar and (c) 





Figure D.3: Change of film mass during an engine cycle for 3000 RPM and (a) 6 bar, (b) 10 bar and (c) 













Figure D.5: Calculated time constant during an engine cycle for 2000 RPM and (a) 6 bar, (b) 10 bar and 





Figure D.6: Calculated time constant during an engine cycle for 3000 RPM and (a) 6 bar, (b) 10 bar and 
(c) 14 bar BMEP 
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Appendix E Sensitivity of Gas Temperature 
Using the average gas temperature for all conditions in the analysis of each single operating 
point led to the same results as using the corresponding gas temperature profile for each condition. 
An example of this is shown in Figure E.1 for 10 bar BMEP and 2000 RPM. The figure shows the 
predicted film mass from the model calculated using the corresponding gas temperature for the 
operating point, as well as using the average gas temperature for all operating points. As seen in 
the figure, the predicted film mass was insensitive to the gas temperature, and the two evaporation 
curves overlapped. Thus, the average gas temperature for all conditions was used to perform a 
wider parametric study to investigate the effect of initial and boundary conditions on the predicted 
film mass and time constant. 
 
Figure E.1: Comparison of predicted film mass using the gas temperature profile for a single operating 
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